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THEE SONIC ALTIMETER FOR AIRCRAFT

By CG. S. Draper

PART I
HISTORY AND PRESENT STATUS OF THE SONIC ALTIMETER
With
AX OUTLINKE FOR A SUGGESTED PROJECT TO DETERMINE THE
VALUZ OF THEE SONIC ALTIMETER UNDER

MODERN FLIGHT CONDITIONS

ABSTRACT

The generzl object of this report is to discuss the
results already achieved with sonic altimeters in- the
light of the theooretical possiblilities of such instru-~
mentgs From the information gained in this investigation,
a procedure is outlined to determinse whether or not a fur-
ther development program is justified by the value of the
sonic altimebtor as an sircraft instrument.

The information availeble in the literature is re~
viewed and condonsed into a2 summary of sonlc altimeter dow~
velopments which is prescnted as the last page of this
report. Thc instruments of Behm, Rice, Florisson, Dubois
and Laboureur, Fandillon, Jacguet and Badin, Delsasso, and
tho Electroncustic Co. arc doscribed both in principle and
mechanical detail, The genecral requiroments for the source
of sound ané the receiving systom of a sonic altimeter are
outlinede BEBEvolution of thc sound source is traced from the
pPistol gender of Behm to the mechanically exclited diaphragn
of Delsasso, the electrically driven diaphtragms of Nandillon
and Jacquet-Badin, the alr-blown whistles of Rice and Flor-
isson and finally, the air-operated sirens of Dubols-
Laboureur and the Eloctroacustic Co., Various mothods of
receiving the ocho and timing the intervael betweon the
signal and the eocho ardé considered, starting with auditory
reception and visual obsorvation of a rotating hand as
used in the first instruments and ending with the completo~
ly automatic electrical micropaonec~chronoscope systoms. '
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The operating ranges and weights of the sonic altim-
eters are noted and a "figure of merit" ig derived for
eac.u. J'..LLSCI'U.III.G.U.B DaSG(l on LIJ.O I‘a,TrlO OI maxunu.m U.BB.LU..L a,.L"
titudo undor airplane crulsing conditions to the installa-
tion weight.

A theoretical digcussion is given of sonlc altimeter
errors due to uncertginties in timing, variatione in sound
veloclity, aircraft spoed, location of the sending and re-
celving units and inclinations of the flight path with
rospoct to the ground surface., DPlots are included which
sumnarize thoe results in sach case. An analysgig is given
of the eoffeect of an inclined flight path on the frequency
of the ocho.

A brief study of the acoustical phases of the sonic
altimeter problem is carried through. The results of this
anelysis aro used to predict approximately tho maximum

operating gltitudcs of & regsonably degigsned sonic alitim-
vvvvvv £ Chad U Vwil Vi 4 L O Udih Wy WORLG+L T AL 0C L bvilill

etor undor very good and very bad conditions. A table is
given of thesge limiting altitudes fovr various amountsg of
sound nower in the signal, Losses due to high sound in-
tensitles, agbsorption in the atmosphere, turdbulence ef-
fects and reflection at the ground are discussed., The
physical limitations of the sound source with regard to
output, directivity and pulse length are considered. It
1s shown that-no limitation is placed on the performance
of a modern gsonic altimeter by either the chronoscope or
the recelving microphones. Ruggedness, freedom from vi~
bration, and selectlvity effects are the important prop-
erties of the receiver rather than high sengitivity. In
general, the deglign factors limiting the maximum operating
altitude of a gonic altimeter are: 1) the residual sound
intenegity due tov the aircraft which is not eliminated dy
the filter system of the receiver, and 2) the sound power
output of the source which is effectively directed toward
the receiver along the echo path. The necessity for di-
rective horng in both the sending and receiving systems
ig discussed with special reference to future possibili-
ties. Some propertios of filters are considered and the
possibility of gsing combinationg of acoustical, mechani-
cal, and electrical units is noted.

A final comparigon is made between the estimated and
experimental maximum operating altitudes which shows s
good agreement where quantitative information is availa-
ble. It is noted that the best possibility for improving
sonic altimeter performance is to reduce the absolute
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value of the echo intensity required to operate the re-
celver. It is shown that this can probably be accon-
plished by a survey of the aireraft noise which exists in
varticular cases and the design of properly selective :
filter systens. _ - - —
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eter probloem, . . -

INTRODUCTION

Aircraft must £fly noar the ground for a considerable
period in connection with each take~off and landing. For
safety in these operations the pilot must have an accurate
and continuous knowledge of hig altitude above the ground
level, Under ordinary conditions, visual judgments of dis—
tance by a skilled operastor asutomatically take care of thisg
problem. However, when visual observetions are impossible
due to darkness, fog, or a heavy storm, some instrument for
measuring height above the ground is necessary. Barometric
altimetere can be used for this purpose only if the exist-
ing barometric pressure and the local elevation of the
ground above sesa level are known. The ordinary bgrometric
altimeter whose hand makes one revolutioan for 10,000 feet
altitude is not sufficiently sensitive for safe landing op«
erations under any circumstences. This state of affairs
has produced many devices designed to moeasurce absolute alti-
tude without an external wvisual referonce General discus—
slons of the mroblom have been given by Lubcko (references
3 and 4), Lézliso (reforence 11), Plorisson (reforonce 16),
Ricc (roference 13), and Dubois and Labourbur (refercunce
19). The idong proposcd gonorally depond upon the roflee-
tlon of oither clectromagnetic or sound waves from the -
ground surface. 4 number of investigators have been abdble
to produce working ingstruments using sound waves but there
1s no record of similar successes with any other schome.
The sonic altimoter has threo essential parts: (1) an
cmitter which sonds out o brief sound signal at controlled
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intervals; (2) a receiver which detects the echo of the
signal when it returns from the earth; and (3) a chrono-
scope which meagures the time interval between signel and
echo. Since the velocity of sound in air is substantially
constant, the chronoscope is ordinarily calibreted direct~
ly in altitude for some average set of conditions,

Sonic altimeter experiments were started in Germany
before 1925 by Alexander Behm (references 6 and 7). Rice
in the United States (reference 14) and Florisson in France
(reference 16) had also attacked the problem before 1930.
In cach case promiging results were achieved and an instru~
ment suitable for service tests was produced.

Interest in sonic altimeters slackened considorably
when the sonsitive altimeter manufactured by the Kollsman
Instrument Company (reference 10) came into general use
soon after 1930, This insgtrument uses the barometric prin-
ciple and has sufficient precision for dlind landings if
the barometric pressure at the ground is accurately known.
Radio communication insures that all the regquired lnforma-
tion is ot the pilot's dieposal so long as he operates fron
properly equipped airports. Howeveor, the radlio and sensi-
tive altimeter combination does not take care of a pilot
who must "pugsh down through' heavy clouds in search of a
low ceoiling without an exact knowledge of his position.
There arc also instances when radio communication falls or
it is desirable to fly by "contact" under a very low cell-
ing. With such conditions, irregular hills comdined with
fog which actually reaches the ground in some places are
very dangerous. Even with good visgibility smooth water
surfaces often make accurate judgments of height difficult
at low altitudes. In all these cases an instrument to in-
dicate actunal height above the ground for altitudes less
than 1,000 feet would be useful. It is certain that a
sonic eltimeter with units already developed can be made
to meet this requirement. In the present state of the
art, the equipment would be relatively heavy and cumber—
somc. A satisfactory instellption could be made to fift
easily into a modern transport plane with a total weight
under 75 pounds. Since this weight represents fuel for
less than 15 minutes flying in a large airplane, the value
of thig much flying time must be balanced against the ad-
vantage of an indicator gilving actual altltude above the
ground. The instrument would not only serve as insurancs
in extraordinary situations, but would almost certainly
bo used by pilots to improve tho precision of landing and
tako=off operations. Finally, there is the possibility of
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ueing the sonic altimeter as an nuxiliary control for
blind landings to establish automatically the proper rela—
tion between the attitudoe of an airplane and its height
above the ground.

Obviously, the fate of the sonic altimeter must de—
pend uvon results from extended tests under service condi-
tlonse Before such a project is undertaken, the previous
work on sonic altimeters should be studled to insure thatb
the best type of equipment is used for the tests. The
present report presents such an examination of the material
already available on sonic altimetors with spocial refer-
ence to the results obtainsble from commercial instruments.
These resulits are comparcd with performance limits esti-
matod from a study of the physical principles involved.
Bocommendations for a program of sonic altimeter research
are based on the conclusions drawn from this investigation.

GENERAL REQUIREMENTS

Figure 1 shows the essential geometrical features of
the sonic saltimeter problem, An emitter S sends out a
sound signal wvhich strikes the ground and is picked wup
by a regeiver at R. The apparatus is completed dy a
chronoscope for measuring the time interval between the
signal and the echo which is a function of the airplane
speed, the speed of sound and the altitude. Individual
instruments differ only in the means used for carrying out
these three functions. Fortunately the speed of sound ig
almost constant and the airplane speed has a small effect
under ordinary conditions, so the echo time is almost pro-
portlional to altitude. The errors due to various geomeb-
ricael factors are considered in a later section.

The practical requirements for sonic determinations
of altitude are:

1. The source of sound must be powerful enough
to produce an echo at the airplane which is
more intense than the aircraft noiss in the
same fregquency range., Thig condition is
difficult to fulfill at high altitude due to
absorption, reflection and spreading losses
over the echo path.
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2« The receiving system must be sufficlently
gsonsitive and gelective to deteect the echo
in the presonce of high intensity noiso from
the aircrnft and give a positive indication
on the chronoscope.

3+ The sound source must be such that the start
of tho timo intorval betwoen the signal and
the echo ig sharply defined.

4, The chronoscopo for measuring this ocho time
nust bo capablo of accuratcly moasuring time
intervals required by the operating rango of
tho altimeter. An altitude of onoc foot cor-
rosponds to about 1/600 of a seocond and 1,200
feot to about 2 seconds.

In geneoral, the lowor limit of the operating range
is determined by the ability of the apparatus to produce
and measure sharply defined short echo times while the
upper limit depends upon the power of the source to pro-
duce usable echos at the airplane. 4 study of each phase
of the general sounding process is given in a later sec—
tlon,

DEVELOPMENT OF THE SONIC ALTIMETER

After the TITANIC disaster in 1912, due to collision
with an iceberg, several investigators started research on
tho use of gound waves for the location of objecis undor
bad vislbility conditions. This work soon produced the
marine dopth finder as a byproduect. Alexander Behm (ref-
orences 1, 2, 3, 4, 5) of Gormany doveloped his ECHOLOT
which latecr bocamoc known as the BEEMLOT, In the United
Statog, R. A. Fossgonden of the Submgrinc Signal Company
(roferonces 1, 2, 3, 4) worked out tho FATHOMETER. C.
Florigson (rofcoronces 11, 16, 17) of Francc also mado con=
tributions to the problem, especially in thc use of supor-
gsonic froquoncios. The latecr ari of sonic altimotry owos
a dofinite debt to each of those marine developnments.

Bohm (reforencos 5, 6, 7, 8, 9, 10, 11, 12) adaptod
his narinoc ECHOLOT to acrial soundings fronm alrghips. His
exporinonts in 1925 on the Zoppelin Z.R. III arc roportod
as succegsful up to 200 meters altitude. Working with the
Deutschen Versuchsanstalt fur ILuftfahrt in the same year,
Bohm applied his instrunent to an airplanoc. Figure 2

L i
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shows. the essential parts of this apparatus. 4 pistol
firing blank cartridges served as the source of sound,
while echos were received by carbon powder nmlcrophones
and carried to earphones. Altitudes were estimated by an
observer wearing the earphones and noting the positions of
a moving hand on a scale when the..signal and its echo oc~
curred. This so-called method of vigual-acoustic’coinci-
dence roquired close attention by the observer and gave
insccurate results at low altitudes. An adaption of the
optical chronoscope used in the marine ECHOLOT lmproved
this situation by making the observation of altitude an
entirely visual process of good preclsion. Detalls of the
Behn aopparatus are discussed in Appendix A. ' o
An experimental airplane study of the BEEMLOT by
Schroibor (roferonce 9) carried out in 1930 showed a nean
orror of +3.5 moeters in altitude readings up to a maxzinum
of 100 moters. Bohm's work brought out clearly the diffi-
culty of detocting the signal echo. in tho presenco of in-
tonge "porasite" flight noises from the alrplane and its
power plant. No attempt was made to increase the ratio of
ccho intensity to parasite noise intensity by the use of
eithor acoustic or oloctrical filtors., 1In the carlier
forms, the BEEMLOT required manual opeoration of theé sound
source. BEveon aftcr this handicap was overcome by using
an autonatic pistol, the diffieculty of carrying a large
supply of annunition remained. ' - .

Rice (references 4, 10, 11, 13, 14, 15) and Florisson
(references 4, 11, 16, 17, 18) worked on the sonic alftim-
cter problem indevendently during the years 1929~1932 and
produced sinilar instruments with approxinately the sanmc
porfornance. In addition to his contributions to the gen-
eral schene, Rlice made especially valuable studies of
sound sources for the sonic altimeter. Tho results of
this <rork lecd to the adoption of a whistle blown by con-
pressed gas for hig instrument. Florisson was particu-
larly intorosted in acoustic disturbances dues to the air
streanm flowing across oponings in enitters and recelvers.
He found thot theose difficulties could be eoliminated by
nounting the acoustic units with thoir openings flush in
the gurfacc and using a thin sound permseablo covering to
preserve tho aecrodynanic forn. - B

The insbtrunonts of Rice and Florisgon differed from
those of Behm in the use of a pure tone signal. With the
sound ecnocregy conccntrated in o single selected frequency
instead of a wide band as in the case of a sholf, it becane
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rossible to use resonance effects in the receiver for in-
creaging sensitivity and reducing interference from air-
vlane noises. The actual sensitive element for reception
of the echo was the human ear. Altitudes were estimated
by an observer listening for the echo and watching the
noving hand of a chronoscope.

Figure 3 shows the essential elements of the Florisson
system. Compressed sair is supplied to a chamber C and
egcapes through. the whistle S when an electrically con-
trolled valve is opened. This whistle is mounted at the
focug of a reflector set flush with the gsurface of the air-
plane and covered with sound permeable materigl, The scho
is reccived by a reflector r with an open tube placed at
the focus. This sound tube is connected to earpieces worn
by the observer. 4n acoustic filtosr F is placed in the
sound tube T in addition to the electrically operated
valve for closing the line during the signal. Timing con-~
trol is takeon from a constant-speed motor with 1ts arma-~
ture shaft placed along the axis A-A. A pointer I 1is
attached to the shaft and moves over a scale graduated in
altitude. A cam 4 with an indentation 23 is also car-
ried by the motor shaft. The cam follower 2 is so placed
that tho contacts 1 are closed for a short time interval
ag the pointer passes through zero of the scale. TWhen the
control circuit has been closed by a manually operated
swvitch, each passage of the pointer through zero will be
acconpanied dy a blast of the whistle and a short blocking
of the sound tube by the control valve to reduce the in-
tensity of the direct signal. TFlorisson introduced an
auxiliary peinter 1, adjustable by the observer, to serve
as a reference in fixing the pointoer position at the time
of~the echoe. 4 second dial and pointer i! ars shown by
figure 3 to show the possibility of multiple indicating
unita.

Florisson also suggested two other gystems for time
measurements which are descridbed in 4Appendix A. One sys-—
tem reduces the time measurement prodblem to a judgment of
the coincidence of two sounds while the other uses an oOp-~
tlcal system and an oscillogreph to produce entirely visu-
al indications. However, the gystem actually reduced to
commorcial practice by Florisgon (reference 17), used the
arrangement described in figure %. This instrument is
available from the Société de Condensation et d'Applica-—
tions Mecaniques of Parig.

Tho problem of the proper signal fregquency and dura-
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tion was prominent in the work of both Rice and Florisson.
It was recognized that the human ear is an excellent de-
tector for sounding echos of the proper freqguency, not
only on account of its sensitivity but also because a
trained observer ig able to recognize a characteristic
echo against a bad background of extraneous noise. On the
other hand, the accuracy of time-interval measurements dy
even a skilled obscrver with his entire attention on the
problem is too low for good soundings at small altitudes.
However, 1%t was found that diresct judgment of digtance
from the time interval between the signal and the echo
could be used by a traincd observer.

Rlce carried out an analysis which caused him to use
a frequoncy of 3,000 cycles per second with a signal dure-
tion of 1/100 %o 1/50 of a second. The roasonsg for his
choice aro listed below:

"esesl, Many cycles available in a short blast.

2+« Reduced maslking effoct from low freguoncy
noise.

3. Relatively low scattoring effects.
4, 3RBest ear sonsitivity.

5, Wide separation between onginec and slignal
frequoncicyg permit effective filtsring or
tuning.

6s Diroctive tronsmitters and receivers of
noderate sizsee..®

An extended series of flight tests gave the follow1ng
results for the Rice~G.E. sonic altimeber.
Neessls With engine running at cruilsing speed,
reliable cchos were obtained at 800 feet .
and below.

2. Vith engine throttled for glliding flight,
reliable eochog weres obtained at 1,600 feet
and bslow.

3¢ The echo was lost at 800 feet when bank or
climb angle reached approximately 30° degroes
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4. ZEchos at 800 fect were cloarcr and sharper
over-flat ground, water and ice than over
trces and flolds.

5, TVhoen flying over mountainous country, tho
rise and fall of the ground was casily deo-
tocted by tho change in the time interval
botweon outgoing and received signal, as
measured by the mointer on the gltitude
indicator or as Judged by the ear alone.

6s When flying parallel to a steep hillgide, _
the echo was noticeably long and drawn~out
by reflection from varying distances.

7¢ TWhen coming into a landing, the approach
of the ground was very evident due to the -
cloging-in of the time interval between
signal and echo, and when the plane reached
approximately 5 or 10 feot from the ground,
the outgolng signal and the echo blended
into a continuous reverberation. This pro- ;
vided a definlite notification point whilch
the pilot could use for successful blind
landingSonqo" . : : . Co T

Rice gave no definite information on the effect of weather
conditions, T

In addition to the airplane experiments, Léglise noted
(refereace 11) that a G. E. sonic sltimeter installed on
the airghin "Loes Angeles" gave soundings up to 900 meters
over the ocean. This difference in range was, of course,
largely due to the reducel parasite noises on an ailrship.

Florigson d4id not give the frequency used for his
whlstle but noted that the signal hed a duration of about
0.0% second, His apparatus gave soundings up to about -
150 meters under cruising conditions and about 300 meters
with engines throttled. The readings counld be carried
down to 8 or 10 meters from the ground. o

The weight of Ricel!a first instmllation was 45 pounds,
vhich was later reduced to about 30 pounds. Florissonls
outfit had approximately this same welght. However, Rlce
used one of the engine cylindersg as his source of power -
while Florlsson allowed over 10 pounds for a compressor
and its accessories. No quantitative data are available
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on the reclative sound-output power of the two instruments
but 1t appears that if Rice had used a separate conpressor,
the maxinum range per unit weight wourld have been almost
the sane in the two cases. It is also rémarkable that
both investigators found that the difference in airplane
noise effects between cruising and gliding doublsed the

useful range., N

The work just described certainly demonstrates that
sonlc measurenments between approximate altitudes of 10
and 1,000 feet can be carried out in practices Two disad-
vantages are innmediately apparent: (1) the apparatus is
relatively heavy and (2) reliablo results require constant
attention from a trained observer. This first character-
istic offectively prevents the use of such squipment on
snall alrplancs but becomes a loss important objsction on
large transports. Tho second difficulty is nmore serious
and nust certainly bhe overcono before sonic altimebtors can
boe geonorally accopted as a routine flight instrument al-
though in a large airplane theo radio operator or the co-
pilot could bo assigned the duty of making soundings.
This altitude information could be placed before the pilot
by an arrangenent sinilar to that already suggested by
Florigson, -

Raymond Dubois, of Constructions Electro-Mécaniquos
dt4snidros, and Commandont Labourour startod rescarch on
tho sonic altimetor problem in 1931 and continuved work un—
til ot present their instrument is available commercially
(references 4, 11,,18, 19, 20, 21, 22, 23, 24). Dubois and
Laboureour dircctod their efforts particularly toward an au-
tomatic visual indicator and e source of sound %o produce
a very short signal, Thoy pointed out that any sound de-
pending upon resonant frequency vibrations requires sevor-
al cycles to reach meximum intensity and then decays over
a numbor of cycles depending upon the particular systen.
Since any receiving system requires some minimum intensity
for o detectable excitation, there will elways be a time
interval between the arrival of the first echo cycle and
an indication by the recelver. This time interval will
vary with the echo intensgity until at the upper limiting
altitude the indication will oceur only when the strongest
cycle of the echo is reached. TWith specular reflection at
the ground this error in timing will correspond to 5 or 6
cycles of the signal when a whistle is used.

*An extended investigation of whistles, vibrating meom-
branes, and sirens as sound sources led Dubols and
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Laboureur to gadopt the air-blown siren for their sonic al-
timeter. They found that the siren used a relatively

small amount of compressed air and that the sound reached
its full ammlitude on the wmecond ogcillation. By the use
of a’ quick-acting balanced valve it was possible to produce
n signel duration of 0,01l of a second. Such a short sig-
nal gave no advantage with the ear as the receiving ele-
ment since an observer was unable to dlistinguish between a
ghort sound of given intensity and a sound twice as long
but half the intensity. On the other hand, a short, sharp-
ly defined siren signal worked better with automatic re-
ceivers thon sgounds from a whistle. The frequency used

was 1,600 cycleg per second.

For the sensitive element -0of the receiver Dubols and
Laboureur uged an eslectromagnetic microphone with the dia-
phragm tuned to a frequency slightly different from the
signal frequency. With this design the unit responded
well to the gignal while any random shocks or noises ex—
cited the diaphragm at—1its own natural frequency and the
effect of such digturbances on the indicator could be re-
duced by an electrical band-pass filter in the amplifier.

In the chronogcope Duboig and Laboureur replaced the
previously used mochanical and optical arrangements by an
entirely electrical system, Altitude readings were indi-
cated directly on a calibrated dial by a nonrotating
pointer. _This result was obtained by use of a neon dis-
charge tube to control the current flowing into a fixed
condensere A gteady potential between the breakdown and .
extinction voltages was applied to this tube. A pulse of
. voltege at the instant of the signal started the tube and
.a second pulse from the microphone stopped the tube when
the echo was received. During this time interval the con~-
denser was charged through a resisgtor and a vacuum tube
used as a rectifier. With this arrangement the voltage
across the condenser terminals was a function of the echo
timoc, After the noon tube was extinguished the vacuum
tube and a meter in the plate circuit acted as an electrom-
etor to iIndlcate the condenser voltage. The reading of
this meter remained constant until it was necessary to
discharge the condenser for a new sounding when the point~
or returned suddenly to the zero altitude position. Thisg
type of indication was definitely better than that of the
chronoscopes previously used but the ingtrument was still
unsatisfactory on account of the "jump" back to zero be~
tweon soundings. Dubois and Laboureur later remedied this
difficulty by using a second condenser and vacuum tube
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electrometor to glve the indications. This second con-
denser was momentarily connected across the terminals of
tho chronoscope condenger just before its discharge for a
new soundinge. In this way the voltage of _the second con-
denscr, whickh was very small compared-#@“ghe chronoscope
condenser, always corresponded to tho altitude of tho last
sounding and the change in position of the pointer between
soundings was only the small shift corresponding to the
actual variation in altitude. 4 moroc detalled doscription
of the Dubois~ILaboureur sonic altimetcer is given in Ap-
pendix A,

& Dubois-Laboureur sonic alitimeter was gilven flight
tests in 1932 on several airplanes and in & nonrigild air-
ship. Under cruisging conditions over water, soundings
were possible in an airplane un to 300 meters and practi-
cally continuous up to 250 meters. In the airship no lin-
it was determined but it was probably about 500 metsrs.
Over flat country of all &inds the range for level flight
wvas avout the same as over water. Under the worst condi-
tions of weather and ground the apparatus always worked
below 50 neters end gave usgable results at 100 to 150 ne=
ters. It was found that the occasional echos received
even at higher altitudes gave cnough information for pur-
poses of safetye. : ’

The welight of & complete Dubois-Laboureur installation
was about 50 pounds, which gave their instrument about the
samne performance in terms of range per unit weight as the
sonic altineters already doscribed. e

The electrical chronoscope is certainly a worthyhile,
contridution to the art and can be nede to give accurate
end reliable results if properly installed and maintained,
Howeveor, the schemoe deponds upon the use of a vacuun tube
in o circuit of the "direct curront" amplifier type and
will be sonsitive to changes in supply volitage and aging
of tho tube itself, nsido from the nocessity of recalibra-
tion if a new tube is insgtalled. In case such a circuit
1s used for field service some simple arrangenent for calw-
ibration should certainly be included in the installation.
In this connection, it igs interesting to note that the CEilA
sonic altinmeter, which ig built under Dudbois-Laboureur pat-
ents, uses an electronechanical indicator instead of the
type described above.

Fandillon (referenceg 11, 17) used an electrically
driven diaphrasn to produce the signal for acoustic sound-
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ings. Hig recolvecr wag an electromagnetic microphone
which operated an indicator of the optical oscillograph
type., Details of the units are given in Appendix A.

A completely electrical system had many advantages in
the elimination ofmechanical accessories and the possl-
bility of using power directly from the aircraft supply.
However, the ocutput available from a single unit was too
low for soundings except at low altitudes., Nandillon at-
tenmpted to overcome this difficulty by using multiple ele~
nent loudspeakers, In practice such an arrangement was
bothr cumbersome and heavy. The phatograph of figure 4
showing one of Nandillon's experimental installations il-
lustrates this point. Nandillon's work was carried out
as & sgecret investlgation und no lnformation on his exper-
imental results 1g¢ availabdle.

Jacquet and Badin (references 4, 11, 18, 25) attacked
the problem of making accurate soundings at very low alti-
tudes. Their spparatus was completely electrical with the
emitbor and receiver combined intec a singleo mnit. Instead
of the usuel short signal and an interval timer as the in-
dicator, they used a continuous signal with automatic mod-
ulation by the echo, )

In this scheme the sound sent out by an electrical
loudspealker was continuocus until the echo reached the re—
ceiver., VWhen this ocecurred the signal was autaomatically
cut off and the speaker remained silent until the end of
the ocho wave train reached the recelver, and then the
loudspocker immediately started again. This resulted in
equally spaced intervals of signal and sjlence. The dura-—
tion of those intervals was directly proportiomazl. to the
altitude of the apparatus. - Continuous indications were
given by an electrical moeter which measured the freqguency
of the automatic modulation. A dbrief description of the
Jacquet-Badin instrument is given in Appondix A. This in-
strunent had a weight of 9 kilograms. No actual test in-
formation 1s avallable but the scalc graduations were car-
ried to o maximum gltitude of 50 meters. The inventors
have definitely limitod thoir offorts to an instrument for

landing purroses. . o _ .

The Jacquet-Badin sonic altimeter is intorecsting os
illustrating a new attack on the indicator problem., How=
ever, an instrument with such a low operating range would
be of 1ittlc use for the inmportant function of detecting
tho ground as an airplane desconds from a high altitude.
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In gone cases a warning at 150 feet would be helpful but
the situation would be nmuch better if the warning occurred
above D00 feet altitude.

L., P. Delsasso, working under s grant from the Gug-
genhein Fund for the Promotion of Aeronautics, invésti-
gated certain phases of the sonic-altineter problem (ref-
erences 4, 10, 26), His attention was particularly di-
rected toward geonetrical errors of the sonic altimeter
duc to aircraft speed, ground inclination, etc. He also
analyzed the noise spectrum from alrcraft and stiddied at~
nosphoric effects on transmigsion of the signal

Delsasso used a tuned diaphragn excited by a nechan~
ical blow as the source of sound. His receiver was a dia-
phragn with an electrical contact pressed against the
center of the dlaphragn controlling an 1nd1cating circuit.
The mechenical parts were so constructed that the receiver
was insensitive %o noises from the aireraft but a weak
sound of the signal frequency caused an inmediate break of
the contact. A chronoscope of the type used in the FATH-
OMETER narine sounder was connected %to the receiver. This
ingtrunment had a circular disk rotated at uniform speed
inside a scale graduated directly in altitude. An zuto-
natlic control systom caused a signal to be released cach
tinme the ncon tube passed the scale zero. A flash of the
neon tube occurred when the echo caused a break of the
receivor contacts and produced a voltage pulse in the oub-
put of a vacuum-tube amplifior. Altitude could be accu—
rateoly deterninod from the position of tho neon tube flash
on the scale. Delsasso's apparatus is doscribed in Appen—

Delsassol!s sonic nltimotor was installed on o Goodyear
blinp ond gave reliable reosults aos high as 350 foebt and as
low os 4 foet. Tho woight of his apparatus is not given
but this is of 1little immortance sincc ho made no attenpt
to producc & conmoercisl instrunont. In particular, his
experiﬂonts showed the dosiradbility of studying the effoct
of turbulence on sound traonsnission in tho atnosphere.

Honry Hughes and Son have started developnent work
on o sonic altimeter (referoncos 30, 31l). No cnglncering
details are aveailable for the apparatus which is apparentn
ly still in the exverimental stage.

Electroacustic Genu.b.H. of Kiel, Germany, have devel-
oped o sonic nltinmeter called the ECEOSCOPE for conmercial

[~
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purposes (references 27, 28). Thils instrument was used on
the Hindeadburg, and is to be installed on the new Zeppelin
LZ 130,

The ECHOSCOPE uges a siren supplied through a reduc-
ing valve from a compressed-air reservoir as the source
of sound. An electromagnetic nicrophone acts as the sen-
sitive eloenent in the recelving systen and operates an
electromechanical chronoscope through an anplifler. The
chronoscope has a constant-speed motor which moves a point-
er over tho altitude scale, 4&n electrical clutch systen
within the instrument starts the poilnter from zero when
the signal is sent out and stops the pointer when the echo
reacheg the receiver. The pointer is automatically rew
turned to zero after each sounding and the cycle is re-—
peatod. Two scales are provided for nmaxinum altitudes of
100 and 500 meters, respectively. In the lower range,
gsoundings are repeated at l.5~socond intervals. This in-
terval 1s increased to 7.5 secords in the high range.
The changeo from one scale to the.othor is made by & nan—
ual-control knob. PFurther detalls of the equipnent are
given in Appendix 4. : :

The ECHOSCOPE gives soundings under normal conditions
up to 600 to 1,000 feet with automatic indications. Above
this 1linlt the echo becomnes %too weak to operate the indi-
cator but soundings can be carried out to greater altitudes
by using earphones plugged inte an outlet in the anplifier.
In this case the chronoscope hand rotates continuously and
altitudes are observed by the method of visual=-audltory
coinclidoencao,

An uncertainty of *1 foot is claimed for the ECHOSCOPE
on the bagis of a precision of 1/600 of a second for the
chronoscopes No nention ig nadec of the effect of the 0,01
of a socond signal length on tho sounding process. With
the apparatus described, tho uncertalnty in altitude should
be snmall but a value of 1 foot appears to be an optinis-
tic estinate.

Including all air valves and one high-prossure storage
cylindor but no wires or piping, the ECHOSCOPE weighs about
60 pounds.  Tho air supply is sufficient for 200 %o 250
soundings for the low range wilth tho siren pressure atb 4
atmospheress On the high-range scale a working pressure
of 8 atmosgspheres 1s used which reduces the number of sgound-
ings from one bottle to 125. Thesge Figuresg correspond to

. [ S
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6 minutes and 15 minutes of continuous operation on ths -
low~ and high-range scales, respectively. Such a short
period of operation will limit the usefulness of the in~
strument for general purposes. This difficulty can be
eliminated by the installation of a compresgsor %o replen~
1sh the' supply durins flight.

r
P |

Alexander Askenasy (reference 29) ﬂégfapplied for
French patents on a sonic altimeter using automatic modu-
lation of a continuous signal with indications from a frew
quency meter. He proposed to use a sound source driven
from a vecuumn-tube oscillator through a variable-gain an-
plifier. The gain of this amplifier was to be controlled
by the output from a second amplifier connected to the re-
celver in guch a manner that a strong echo produced a weak
signal and vice versa. With this arrangement the signal
could be automatically modulsted to any desired extent and
the modulation frequency used for operation of a frequency
notcr. Askonasy recognized the possibility of false modu~
lation due to ground or atmospheric conditions and includ-
od an "automatic volume control!’ to keep the output of the
recolving amplifior constant in spite of orratic varia-
tions in the echo intensity. Ho suggcested that ~ metor to
neasure the amount of compensation required would serve to
Indicate the nature of the ground surface.

There is no record that an instrument of the Askenasy
type was actually coastructed. M. Jacquet in a review of
Askenasy's patent pointed out that the automatic modula~
tion scheme had already been used in the Jacquet-Badin
sonic altimeter., Jacquet also showed that an actual in-
strunent would require a modulation of 100 percent and in
this case the autonatic volume control would be useless,

PRESENT STATUS OF THE SONIC ALTIMETER

Plate I 1s a tabular suunary of information on sonic
altinetor developnoents as outlined in the previous sec=
tion, Most of this worl has been done during the last ten
years, although Behn had nade soundings froom an alrship
before 1925,

On the basis of operating range, the Rice, Florisson,
Duboig-Laboursur, and the ECHEOSCOPE sonic altimeters have
approxinetely the same performance, l.c., reliablec opera-
tion up to an altitude of 500 to 1,000 feet under ordinary
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cruisging conditions. By this same criterion the lnsbtru-
nents of Behm, Nandillon, Jacquet-Badin, and Delsasso are
inferior to those already listed. The maxinunm working
altitude con be considered as a rough measure of the ef-

fectiveness of the sound source. It follows that conmpressed-

alr whistleg and sirens as used by Rice, FPlorigson, Duboisg-
Laboureur, and ECHOSCOPE are definitely superior to ne-
chanically excited diaphragns, electrical loudspeakers,
and plstols as ugsed by the other investigators. With the
exception of the pistol, all the sources have been de—
gigned to produce a signal of & constant frequency betwesn
1,500 and 3,500 cycles per second. Frequencieg in this
range nake enough cycles possible in a short blast to perw-
mit good selectivity in the recelver whether the human ear
or a tuned. umicrophone is the sensitive element. In addi-
tion, directive emitters, recelving horns, and filters of
snall size can be designed with good efficiencies.

Tho oar of a trained observer ig the most sensitive
and gelbctive detecting element. Both Rice and Florlsson
useld an obgerver as a necessary link in their systems
while the ECHOSCOPE provides for auditory reception when
the echos become too weak to operate the chronoscope di-
rectly. The inaccuracies introduced by a human being in
neasurenents of short-time intorvals with a rotating point-
er chronoscope established a lower limit to reliable sound-
ings at about 20 feet, which corresponds to 1/30 of a sec—
ond. Below this, a trained observer can replace the chron-
oscope readings by his judgment of time intervals. In
spite of the advantages of auditory reception, any sonic
altimeter which requires more than a glance for the ob-
server to obtain an accurate reading, is certalnly unsat-
igfactory as an asircraft instrument. o

The electromechanical chronoscopes of the BEEMLOT and
the ECHOSCOPE, and the neon~tube chrondscope of Delsasgo
all give direct altitude information but require insgpec-
tion for geveral seconds for a reliable reading on account
of the intermittent nature of the indication. The sams
remarlk applies to chronoscopes using optical indications
such as Nandilloan's instrument and the carly Behm units.
The Dubois-Laboureur and Jacquet-Badin electrical chrono-
scope systems glve steady indications but are apparently
still in the experimental stage. The only instrument of-
fered commercially which seems to have & continuously
reading chronoscope is the CEMA sonic altimeter manufac~
tured under Dubois-Laboureur and Bonscaren-Glazer patents.
(Soe Appendix A.) ©No stress is placed on this point in
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the CEMA pamphlet used as the source of information, bdbutb
the description of the mechanism indicates that the only
change in hand position between soundings would be that

corresponding to the actual variation in altitude. o

Weight data on experimental apparatus is llable to be
deceptive since the instrument designs have seldom been
refined and the allowance for fittings, tubes, wires, etce,
will very from one case to another. Some refinements dic-
tated Dy experience will probably be in the direction of
reduced weight so that the range of 30 %o 60 pounds re-
ported for the gonic altimeters which have given best re~
sults, should include any satisfactory instrument bduilt
in the present state of the art. The ratio of maximunm
operating altitude under average cruising conditions to
total weight should give a reasonably good figure of merilt
for sonie altimecter performance. The second column from
the right-hand side of Plate I is devoted to this ratio
for various sonic altimeters. The values are approximate
since there is no assurasnce that the performance estimates
were made under comparable conditions. The Rice-General
Electriec Co. instrument has the highest recorded ratlo
with 48 feet eltitude per pound of weight. The range in-
formation is taken from a General Electric Co. informa~
tion pamphlet which does not clearly state whether the
value of 1,200 feset was taken under cruising or gliding
conditions, so this ratio may not be a true value. The
corresponding weight -of 25 to 30 pounds for an insbtalla-
tion is for an improved Form of ‘the equipment described
by Rice (reference 13), and is supplied with compressed
gas from one of the engine cylinders. This gives the G. E.
ingtrument a decided advantage when compared with sonic
altimeters which include a special compressor. . In addi-
tion, the receiving system uses no amplifier but carried
the echo to an observer through a simple tube system which
also gives a weight advantage but reduces the usefulness
of the instrumont as compared to-a direct reading chrono-

scopeo syshom, V*ékix . . PR

With the exception of the improved G+ E. sonic alti-
metor, the figures of merit for the various instruments
fall into two classes. The Florisson (SCAM), Dubois-
Laboureur (CEMA), and original Rice sonic altlimeters, and
the ECHOSCOPE have figures of merit between 15 and 20 feset
of altitude per pound of weight. A4s noted above, the val=-
ues are approximate at best so this good agreement 1is o
probabdly fort wui t>us. Tho BEEMLOT and the Jacquet-Badin
sonic altimeter have figures of merit of 9 and 8 feelt of
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altitudo per pound of-—weight, rospectively, which shows
that theso are less offective than the instruments firgt
mentionede. At pregent the most refined ingbtruments are
of Buropean origin.

FUTURE POSITION OF THE SONIC ALTIMETER AS

AN AIRCRAFT INSTRUMENT

The last section showed that several sonic altlmeters
are well beyond the experimental stzges. At—present, the
most refined dosigns are of Buropean origin with four man-
ufacturers offaring ingtruments for commercial use. Theso
companies ares

(1) Behm-Echolok-Fabrik of Kiel, Germany.
(2) EBlectroacustic of XKiel, Germany.

s, . (N
(3) Constructions Blectro-Mécaniques d'Asnieres of
Asnibres, Frances '

(4) Socidte de Condensation ot d'Applications
Mécaniques of -Paris, Franco.

In the United States, only the General Electric Com-
pany of Schenectady, New York, has announced the construc-
tion of a sonic altimeter.

With the best of the instruments now availadbles, reli-
able readings up to a limit between 500 and 1,000 feet can
be expected unnder airplane cruising conditions. The weight
of a complete installation including an air compressor will
probably be between 50 and 75 poundg, Undoudbtedly the
rangc can bo increased and the weight reduced by improve-
ments based on experience, but it is certain that the son-
ic altimeter will remain a heavy instrument which will
only operate at low altitudes.

When Rice started his sonic altimeter development in
1929, the blind-~landing prohlem was receiving auch atten-—
tion ond there was a strong need for an instrument to in-
dicate absolute =wltitudes near the ground. Bven though
Ricel!s efforts were successful, his instrument was compli-
cated ond difficult to use when conpared with the Kollsman
sensitive altineter which was introduced in tho United
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States about this tine.i To use the sensitive agltimeter
for absolute indications, an accurate compensation for
barometric pressure at the ground level was reguired dbut
the radio supplied the pilot with this information and

the adjustment was very sinple. In the natural course of
events the sonic altineter development was dropped and the
sensitive altimeter was included in the eguipment of all —
airplanes used for blind flying. For ordinary opsration
over egtablished air routes, the sensitive altimeter has
proved to be entirely adequate but there have been a num=~
ber of accldents which might have been prevented by the
usge of sonic altimeters in airplanes. In general, the
sonic altimeter would be valuable in any case of bad vig-
1bility when the pilot approaches the ground away from an
established alrport either intentionally or by accident.

- For oxanple, it would assist in preventing collisions with
the ground during flights over mountaihoius country by give
ing the pilot a definite warning of Tising ground bensath
hin in time for hinm to climb over the obstruction or change
his course. Over certain types of terrain it would be
poselble to fly by instruments at a safe altitude of seyw—
eral hundred feet with the sonic altineter replacing vi-
sion as a means for maintaining contact with the ground.
Prominent landmarke on the ground such as hills and val~
leys could be identified by noticing the rise and fall of
sonic altimeter readings in relation to indications from
the baromotric altimeter. This general method has long
beon used with the marine depth finder as an aid to TWavi- —
gatione In descents from higher altitudes toward a low
ceiling, the sonlec altimeter would be a definite safety
factor, especially over unkmown terrain, A% any time the
sonic altimeter would give an independent check on adjust-
ments of the sensitive altimeter. =

Briefly summarized, the function of the sonic altim-
oter would be to supplement the barometric sensitive al- - —
tinmeter in all operations and to increase the safety of
low-altitude operations both in ordinary and emergehcy sit-
uationse. The future status of the sonic altimeter as an —
alreraft ingfrument will depend upon the answer to a sin-
gle questiont IS THE SONIC ALTIMETER SUFFICIENTLY USEFUL
TO JUSTIFY ITS WEIGHT AND COMPLICATION? In the past the
answer has been definitely NO, but with the increase in
size of airplanes and improvements in sonic altimeters, 1t
seens that the question ghould be reopened and settled by
actual flight tests under service conditions. Certainly,
if a single accident could be prevented by a sonic altim-
eter, a throough investigation would be ariply Justified.

—_— =
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QUTLINE OF SUGGESTED SOWIC ALTIMETER TESYTS

The flight tests suggested in the last sectlion should
be carried out with one of the sonic altimeters already
developed. If these tests show that the Instrument has
sufficient promise, & further project should be devoted to
modificatlons leading finally to manufacture of sonlc al~
timeters in the United States.

The choice of equipment for sonic altimeter tests is
linitod to the five developments listed at the beginning
of this soction., The General Electric and Florisson-son-
ic altimetors aro elimingted by -their use of the method of
acoustic~visual coincidence which is unsulted for a rou~
tino aircraft instrument, The renge of the BEHEHMLOT is too
small for sgatisfactory tests, which romoves this insgtru-
ment from considoration. The ZCHOSCOPE and the CEMA sonic
altimeters have been reduccd to practical instruments dy
refinements based on actual experience. Both uso compact
siren units for the signal, and an electromagnetic micro-
phone with selective amplifiers as the recoiving systen.
In this regard, the CEMA air-compressor supply has a defil-
nite andvantage over the air-storage tank of the ECHEOSCOPE
for long periods of operation. Actually, a compressor
could be fittod into the ECHOSCOPE gystem while the wind-
driven compressor of the CEMA would probably have to be
fitted with an electric motor drive. The indicators of
the two instrumonts are very similar excopt that the CEMA
unit apparently gives a continuous readlng whlle the
pointer of the ECHOSCOPE returns to zero betweon succes-
eive soundings. ZEithor of theso instruments should be sat~
isfactory for the contemplated flight tests.

QUTLINE FOR A SUGGESTED INVESTIGATION OF THE VALUE OF THE

SONIC ALTIMETER UNDER MODERN OPERATING CONDITIONS

A systematic investigation of the performance of the
sonic altimeter is suggested to determine whether or not
this instrument should be included in the cguipment of
modern alrcraft. 4 preliminary outlinoe of the steps in
such o project ls given bolow:?

(1) Purchase of a commercial sonic altimeter which
incorporates the esgential features required



(2)

(3)

(4)
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in an aircraft instrument for routine usge.
Eithor the ECHOSCOPE or the CEMA sonic altim-
etor would beo suitable for this purposce. The
manufacturer should be requested to furnish
all the information available on the perform- _ o
ance of the component parts of his instrument. _

Investigation of the performance characteristics
of the ingtrument chosen. Thig investigation
should examine the following points where reli-
able date have not been roceived from the manu~
facturer:

(a) Freguency analysis of sound from emitter,

(b) Sound intonsity distribution measured at
various angles with the emitter under
condlitionsg similar to those of actual
operation.

(¢) Total sound powser from the emitter by in-
tegration from the results of (b).

(d) Input power required to operatec the emitter.,

(e) Sensgitivity of tho roceiving microphone
and horn system to sounds of various fre-
guencies. -

(f) Sensitivity of the complete receiving sys-
ten to sounds of various frequencies.

(g) Operating characteristics of the indicat-
ing chronoscope, iees, input required for
opergtion, timing errors, etc.

Installation of the sonic altimeter in a typical |
modern alrplane of sultable size. -

Systenatic investigation of the sonic altimeter
performance over a wide range of weather condi-

tions and with differont types of teorrain. This o
vrart of the investigation should have btwo as-

pects:

(a) Quantitative measurenents by an observer
using an oscillograph or sginilar recording
instrument to make conitinuous records of

echo intensity.
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() Observations made by an experienccd pilot
(preferably flying "under the hood") as
to the value of the sonic altinmoter in
actual practice.

Detailed report on the rosulte of the investis-
gation to include

() Recomnmendation to either extend the wuse of
the gonic altinocter by test installations
on a nunber of alrplanes in actual service

or to drop the instrument from further
consideration.

(b) Recommondations for improvcmentg in the
sonic altimeter in case it is decided to
continue the work.
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PART II

THEORETICAL ASPECTS OF THE SONIC ALTIMETER PROBLEM
INTRODUGCTION

Acoustic measurements of altitude depend upon the use
of a gpnderureceiyer combination able to produce signals
and to definitely detect the corresponding echoes in the
presence of aircraft noise. The system must indicate the
time interval between the signal and the echo. One of the
problems ln a practical instrument ig the correlation of
this time indication with the actual altitude. The time
interval depends only on the velocity of sound and the
length of the sound path. Sound velocity varies with tenm—
verature and humidity while the sound path for a given
eltitude depends upon the inclination of the flight path
vith respect to the ground, the sircraft speed, and the
relative positions of the sender and the receiver in the
alreraft. Since the establishment of an altitude scale on
the chronoscope dial requires that a single altitude be
assligned to each time interval, some set of standard con=
ditions must be chosen for the calibrationr 6f a glven in-
strument. Once the instrument hasg been calibrated, the
indicated altitude as read from the dial will not be equal
to the actual slititude if the existing conditions vary
fron the gtandard conditions. 1In the discussion which
follows, any difference between indicated and actual alti-
tudes will be expressed as a ratio and called an srror.
The problems of calibration and the various types of er-
rors are considered in Section I. ST T e

During flight over sloping ground and when the air-
craft eclinbs or descends, the flight path will be inclined
to the ground surface. Such a condition has two effects
on the operation of a sonic altimeter: fFirss, the fro-
quency of the echo is different from the signal frequency
due to the Doppler Effpct and, second, the indicated alti-
tude differs from the asctunl altitude when the echo is re—
celived. The error duec to an inclined flight path is stud-
led in Section I and the Doppler Effect is considered in
Section II, '

The production and propagation of the signal and the
rocoption of the echo present probdlems which belong to
the field of acoustics. Soction III is devoted to a brief
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study of each component part of the sonic altimeter from
this standpoint. An estimate of the probable limitations
is made for sach case.

SECTION I - ERRORS OF THE SONIC ALTIMETER

A e

Calibration of ~the gonic altimeter involves a geomat-~
rical study of the sound path, Sinceo some dofinlte set of
conditions must be chosen, it is logical to choose the
simple case of level flight over level ground with the
sound propagatod in straight lines. The essential foa-
tures of this problem are shown in figure 1, Sound from
the sender S +travels over two sides of a triangle and
back to the rsceiver R. During the sound trangit the
aircraft wlth velocity v, has moved over a distance vt
where % 1s the time between the signal and the echo.

In computing the sound path the distanes d, ©between the
sender and receiver must be added or subtracted, depend-
ing upon whether the recciver is ahead of or behind the
sender. By a simple application of the law of squares,
the actual gltitude in terms of the other variadles is
glven by the oquation

. .dra )
hg E§/1~ (z::t) (1)

where ¢ is the actual velocity of sound and h, 1is the

actual altitudoe. When the chronoscope has becn calibrated
for tho standard conditions ¢, and v, the indicated

altitude by, as read directly from the instrument for
any time interval + will be

c t Yo = T
wy = S0 /L (__.J> (2)
2 Co

1l

It follows that tho indicated altitude is equal to the ac—
tual altitude only undor calibration conditions. TFor any
other conditions the ratio of actual to indicated altitude
ig --

F 87
_.__:_.._/1_. E_%)J/[1-<Zf__ﬁ (3)
Co
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The value of sound veloclty selected for calibration pur=-
roses will depend upon the averaze atmospheric conditions
under which a given instrument is to be used. On the oth-
er hand the aircraft velocity used in the calidbration is
arbitrary and can be chosen either to give strictly cor-
rect readings at some one speed or to minimize errors over,
& range of operating conditions. The errors due to vari-
ations fzrom calibration conditions will be discussesd below.

Iiming errors, due to uncertainties in measurenments
by the chronoscope, will affect the indicated altitude
directly as shown by equation (2)., This error in the time
interval will usually be of approximately constant nagni-
tude independent of the length of the time interval being
neasured. For an unsgkilled observer using the method of
acougtic~visual coilncidence, the timing error can have anu
order of magnitude of +0,10 of a second (reference 33),
while a good eloctromechanical chronoscope will give a
precision of £0,001 of a second (reference 11). If the
sinplified case of calibration conditions with sound ve-
locity egual %o 1,125 feet per second and

a L P -
v g
L << 1 _ (4)
Co -
is considered, the indicated altitude becomes
At e
hy = Bgx S8 o (5)

when the tining error is At (At is taken positive if

the indicated interval is longer than the actual interval).

4 plot of the ratio of actual altitude to indicated alti-

tudo vse actual altitude is given in figure 5 for throe

values of At. The curves show that a tining error of

#£04001 of a second will glve substantially correct readings

down to an actual altitude of 5 feet, while a timing error

of £0.,1 of a second introduces altitude errors larger than

20 percent for all altitudes below 250 feet. The best

sound sources used in sonic altineters up to the present .
time produce signals which last sbout 0,01 second, s¢ that -
the tine intervals to be measured by the chronoscope should

be defined with an uncertainty less than this anmount., In

practice 1t should be possible to keep chronoscope tining

errors between 0,001 and 0,01 of a second so the altitude -
errors wlill be less than 20 percent down to an actual al-
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titude of—about 10 feet. In any case the largest timlng
errors discussed here can be neglected for all altitudes
greater than 200 feet,.

Errors due to variagtiong in sound velocity act on the
indicated altitude as shown by equation (3). Assuming
that the airecraft ia flying at the calibration speed, the
terms under the radicals are substantially equal since
the percentage variatlions in sound velocity are small.

The ratio of actual to indicated altitude will thus be the
same as the ratio of actual sound velocity to the calibra-
tion value of sound velocity.

Sound velocity is determined by the temperature and
composition of the atmosphere as glven Dby the well-known
equation (reference 32)

o= /8- (6)
where
Y = gspeciflc heat st congtant pressure
specific heat at constant volume
Rg = unilversal gas constants - -
T = absolute temperature,
m = molecular weight of 'air ,

Over the range encountered in practlce, the ratio of spe~
cific heats can be considered as constant (reference 34.)
so that equation (6) combined with equation (3) under the
stated conditions gives

h Tm, ' o
_--ja-’ o~ _&1.7_1.9.. P —_— A —_ .- _(7>
'hi Tom .

where the o subseripts refer to calibration temperature
and molecular weight, respectively. Thus a 2-percent va-
riation in the ratio of absolute temperature to molecular
welght will cause only e l-percent error in altitude indi-~ _ .
cations,

Over the extreme range hetwsen saturated air at 40° C.
(104° F.) and air with 20 percent relative humidity at



N.A.C.,A, Technical Note No. 611 29

-20° G, (~4° F,), the change inm mclecular welght is about
3 percent, which corresponds to a l.5-percent error in hi.
Since the conmposition of the air is substantially constaznt
excopt for moisture content (referonce 34), tho effect of
humidity on sound velocity can be neglected under operat-
ing conditions.

The average operating temnerature will %be near 290° G.
Kelvin (63° F.), so that a change of 6° C. (10.8° F.) rep-
resents a variation of about 2 percent and has an effect of
1l percent on indicated altitude. Assuming that the sxtrene
range of temperature encountered in practice is 60° ¢.,
gonic altimeter indications will vary about 10 percent from
this cause. It would be easily possible to incorporate ei-
ther an gutomatic or a nanual correction on ths chronoscope
dial to correct for temperature changes.
' Separation between the gsending and receiving uniis
wlll affect the calibration relation at altitudes where
d/t 1is of the same order of nmagnitude as the aircraft ve-
locity wv. (See equation (1).) This effect has beén stud-
ied in detail by Schreiber (reference 9). Schreiber's gen-
eral nethod was used in the treatnent presented below.

If it is mssumed that the sonic altimetér is calibrat-
ed without consideration of aireraft veloclty or unit seop-
aration effects, i.e., under the condition of equation (4);
equation (3) becones :

2 . ' S
hg a
—~& - — - 8
B V//l (Go =+ h; (8)
Yo .
co ] R . -

where

Figure 6 is a plot of equation (8) for various values of
the calibration aircraft speed/sound velocity. The curves
show that for altitudes over four times the separation
distance and aircraft velocities less than 0.2 of sound
velocity, errors due to the separation have no appreciable
effect. EHowever, for altitudes equal to or less than the
separation, the errors become large. Obviously, it is
possible to correct the altitude scale for the separation
error in a given installation. The separation effect can
become important at low altitudes with installations in
large airplanes vhere the sender and receiver are placed
many feet apart in order to reduce direct acoustic inter—
ference. . -
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Aireraft velocity will affect the ratio of actual ale-
titude to indicated altitude as shown by equation (3). It
has already beesn shown that the effect of sender-receiver
separation can be neglected at altitudes much greater than
the separation., This is equivalent to neglecting 4/t in
comparison to v so that equation (3) can be written as

ha c l"O'B (
-8 . =2 /=0 9)
hy Co 1 w 002

_ actual alrcraft velocity
calibration gound veloclty

where

Bquation (9) is plotted in figure 7 for the case of actual

gound velocity equal to calibration sound velocity. Three

values of calibration alr epeed are comsldered. The curves
show that up to values equal to 0.4 of sound velocity, the

effect of alrcraft speed on indicated altitude is less

than 4 percent.

Brrors due to inclingtion of the flight path are
caused by the coatinuous variation of the sound path
length and the distance above the ground during the sound
transit intervals, This inclination can be due either to
sloping ground or to altitude changes of the aircraft
without affecting the theoretical treatment. The actual
altitude to be used in comparison with the indicated alti-
tude can reasonably be chosen ag that which exists when
the echo is received. Delsasso (reference 26) has studied
this problem and has given a correction plot for various
angles, The treatment which follows is substantially the

game ag that of Delsasso,

Figure 8 shows the essential geometrical features of
the inclined path problem. It is assumed that the neces-
sary adjustments to sender and receiver angles have been
made to ingure a satisfastory reception of the echo. 4
signal is emitted when the sender is at S and is received
at R after traveling over the path SOR. The angle be-
tween the flight path and the ground is called & and is
taken as positive when the aircraft is spproaching the
ground surface. Neglecting the separation between the
sender and recelver, the ailrcraft will move the distance
SR in a time +¢. In this same time the sound pulse must
travel over the path SOR. The problem is simplified by
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addition of the mirror image S!'0R! +to the actual sound
path. In the complete figure thus formed, the length of
the sound path is SR' which is equal to c¢t. The line
"RR! 1s egqual to twice the actual altitude when the echo
ig received. Applying the law of cosines to the triangle
SRIR gives ' : B -

4haa = (gt)a + (vt)é'— 2 (et) (vt) cos 0 (10)

Bguation (10) can be written

hy = %% v/l + o2 - 20 cos © (11)

The next step is to determine 6 in terms of a by again
applying the law of cosines to the triangle SR!'R to ob-
taln )

(ct)a = (4ha)a + ('v"b)a - 2 <2ha) (vi) cos ¥ (l%)

Eliminating h, Dbetwsen eguations (10) and (12) and using
the relation c¢os Y = - sin o« from figure 8 glves:

N % N
cos B = @ [cosz o + sin o (%3 ~ cos® a)-] (13)

The desired expression for actual altitude is reached by
substituting the value of cos 6 from equation (13) into
equation (11).

- st 2 - 26% [cos® (35 - con® o)F
h, 2 1l +c 20 [éos o+ sin o 58 cos® a

(18  —
If the effect of sender-recelver geparation is neg-

lected, the ratlo of actual to indicated altitude in an
ingtrument for level flight over level ground becomes

1 + o8 -~ 2¢0% [cos8 o + gin a (ﬁﬁ - cos® m)tj

hg _ &

(15)
In this equation the proper sign has been chosen for
sin o to fit the convention adopted above.

The curves of figure 9 are pldtted from equation'(TES -

T —
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to show the effect of flight~path inclination at various
aircraft speeds (calibration-sound velocity has been ag-
sumed)s, With the aircraft flying toward a slope, the ac—
tual altitude will always be less than the indicated alti-
tudes The reverse gituation exists when the aircraft
flies away from a slope. In the limiting case of a flight
path directly toward the ground surface, the indications
would be about 40 percent high with an aircraft speed equal
to half the velocity of sound. For a 45° slope the error
in indicated altitude will be 20 percent for an ailrcraft
speed equal to 0.3 the velocity of sound and about 8 per-
cent for an aircraft speed 0.l of sound veloclty. The er=
rors decrease rapldly as the angle of inclination becomes
less. Vith normal landing speeds and glide paths less
than 20°, the effect of inclination on the lndicated altlw
tude will be smaller than 5 percent. These pesults show
that for ordinary conditions the errors due to path incli-
nations can be neglected.

DISCUSSION OF ERRORS IN THE SONIC ALTIMETER

The foregoing discussion has shown that if time inter-
vals can be measured by & sonic altimeter system with an
uncertainty less than 0,01 of a second, errors of all
types can be reduced to negligible size except near the
ground. Altitudes below 30 feet are more difficult to
neasure but by a special calibration taking into account
the separation between the sender and the receiver in a
given installation, accurate indications can be carried
lower. Ultimately the length of the signal will become
the factor which determines the lower operating limit.
This phase of the problem nust be attacked by design
changes rather than ag a matter of calibration.

In general, the inherent errors of a properly deslgned
sonic altimeter are so gmall that the indications can be
used with complete confidence under operating conditions.

SECTION II -~ DOPPLER EFFECT DUE TO INCLINATION OF
TEE FLIGHT PATH

Delsasso has analyzed the effect of an inclined flight
rath on the frequency of the echo when a constant frequency
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sound source is used (reference 26)., The treatment out-
lined below i1s taken directly from Delsasso'!s work,

A sound of frequency ng sent out by the source at
S would have a wave length of Ag if the source were

stationary; that is, one cycle would be completed in o
distance esquael %o Age TFor acoustic sounding purposes

only the sound sent out in the direction SO is important,
The source has a velocity component v cos 6 in this di~
rection, so that the distance for one complete cycle be-
cones

Ag - ¥.C0o88 - e=3c088 - )j (16)

Rg . g

which is the wave length Ro, thaf would be detected by

a stationary observer at 0, Phe corresponding frequency

ng, is _ - -

e c ' '
= = 17
%o Ao s G = v cos 6 (17)

If the angle ¢ 1is less than 90° the aircraft will have a
velocity component away from O along the direction OR
equal in magnitude to v cos §. On the aircraft, the re-
celved frequency =np, will be reduced in the ratio of the

veloclty of a point on the sound wave past the recéiver
to the velocity of sound in free air, i.o.,

_ ng c (e = v cos @)
I (e -~ v cos B) ¢ (18)

vhich can be wyritten as

= 1 - g cos @ 19
iR ©s l - g cos 8 ( )

This relation is more useful if 6 and & are expressed
in terms of «o. By a process like that used to determine
6 as a function of « (see equation (13)), cos $ can
be written as ‘

cos ® = o [cosa o £ sin o (ﬁ; -~ cos?2 a)%} (20)

When the expressions of equations (13) and (20) are sub=

L1 B
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stituted for cos O and cos @ in equation (19) the re-_
sult is I ’ '

1 -02 cos® o+ 0 sin a (1 - o2 cos® o)

np = 2
R )
1 - 02 cos® o -~ ¢ sin o (1 - o2 cos® a)%

(21)

where the signs have been adjusted to the convention for
o A%
Using the expression for np Delsasso shows fthat the

ratioc Detwveen the received and emitted frequencies 1N =
nR/ns of egquation (21) can be reduced to the form

2
na - 2n 1l ~-c cog 2% L 7 = 0 (22)
l-0

A polar plot of TN as a funcetion of « for various
values of o 1s given in figure 10, For alrcraft veloci-
ties about 0.1 of sound velocity the increase in echo fre-
quency produced by flying toward sloping ground is small,
being only 20 percent for flight directly toward the ground.
However, for the higher aircraft velocities the effect is
much more pronounced; for example, with an aircraft veloc~
ity equal to 0.3 sound velocity flying toward a 30° slope
will produce a 40-percent increase in the recelved fre-
quency as compared to the emitted frequency.

The Doppler effect has no direct effect on altitude
measurcnents but 1t becomes very important if a tuned re-
celvor ig to be used for the eocho. If the tuning is mado
too sharp in an attempt to increase sensitivity, a rela-—
tively small slope in the ground or even a steep glide
may shift the received frequency to such an extent that
the echo can no longer be detected. On the other hand, i f
some provision is made for manually tuning the receiver
in accord wilth s suggestion made by Delsasso, it might be
pogsible not only to maintain the receiver sensitivity bdut
even to nake a good estimate of the ground slope below the
airplane. The importance of these suggestions will have
to be determined by service tosts.
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SECTION III - ACOUSTICAL PROBLEMS OF THE SONIC ALTIMETER
INTRODUGTI ON

Acoustical principles determine the perfornance of
sound sources and recelvers for the sonic altimeter.
Acoustics nust also be considered in timing the interval
between the signal and the echo since a2 minimun number of
cycles is required in each blast for a satisfactory detec—
tion of the signal in the presence of aircraft noise. The
intensity losses due to spreading and absorption during
propagation of the signal also require treatment by neth-
ods of sound theory. A4 brief study of these various prob-
lems will be given below to suggest the important linita-
tions rather than to present a complete treatment.

Figure 11 shows the cssential parts of a sonic altime-
ter system. A source of energy is connected to sonme type
of ftransducer for converting nmechanical, electriecal, or
compressional energy into sound. The energy is controlled
by a timer which permits a short gigual at definite inter-
vals., Since the transducer must have a very high sound-
power output, it is necessary %to use some tyve of horn or
reflector to give efficient coupling and %o confine thé
energy in a properly directed cone. Once the signal has
left the sender, the effects of absorption in the air and
at the ground surface must be considered. A socond transg—
ducing element in the receiver nust convert the energy col=-
lected from the echo by a horn or reflector into electric-
ity which can be amplified to operate the chronoscope.
Since the original sound energy is first converted into
nechanical snergy and finally into electrical energy, the
filtering system to reduce alreraft-noise effects can have
acoustical, mechanical, and electrical elements or nay be
a conbination of all three. The chronoscope is connected
to the sending and receiving systems and nust be fitted ta
the requirenments of both. The discussion below will con-
slider esach of these parts of the problem and finally make
en estinate of the theoretically pogsible performandée of
a sonic altineter. B C

CHROROSCOPE

The ‘device for tinming the signal-echo interval will
be considered first since the problems involved are nechan-~
ical rather than acoustical.

T ——

——
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Chronoscopes of various types have been described in
the sections on gsonic altimeters which have already been
constructed. A good general discussion of the subject is
glven by Dubols and Laboureur (reference 19). I%¥ has beoen
noted that the oscillographic instrunents of Behnm, Florig-
son, and Nandillon arnd the neon discharge-tube arrange-
ment used by Dolsgsso ars gll capable of measuring tine
Intervals with an uncertainty less than 0.001 second.
However, these devices depend upon an optical signal which
requires that the pilot be looking at the dial when the
echo is received.,. The automatic-roading electromechanical
chronoscopes used in the BEHMIOT (reference 8) and the
BECHOSCOPE (reference 28), are better than the oscillo~
graphlc type from this stendpoint, dut still have the dig~
advantage that the pointer returns to zero between sound-
ings. No quantitative information on the precision of
these instruments is given beyond the statement that the
ECEOSCOPE can neasurs 1/600 of a second.

Chronoscopes have long been used in the sclence of
psychology to measure reaction times and have receilved
their highest state of development in this field. Descrip~-
tions of modern electromechanical chronoscopes have been
given by Max (reference 35) and Dallenbach (references 36
and 37). The uncertainty in measuring short time inter-
vals is of the order of 0,001 second. The discussion of
timing errors in the sonic altimeter has already shown
that a precision of 0,001 second will be completely satis-
factory for neasuring signal-echo intervals. At present
the electromechanical chronoscope nmust be reset for each
new reading. However, the addition of a mechanism sginilar
to that used in chrononetric tachoneters will make contin-~
uous reading possible. The internittent action of both in-
strunents 1s essentially the same so that the necessary
refinernents should not be difficult. '

Electrical chronoscopes have distinct possibilities
in thet the precision and sensitivity can be easily con-
trolled in an instrument with no moving parts except the
indicating hand. Dubois and Laboureur (references 19 and
38) have devoted considerable effort toward the develop=-
nent of the time constant circuit type of chronoscope
which i1s described in Appendix A. Since the time of their
roported work, many new electronic circuit elements have
becone avallable. In particular, it would be an advantage
to replace the sinple neon tube~control elements by modern
grid-controlled dischargo tubes such as the General Elec-
tric Thyratron. The future status of the electrical
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chronoscope will depend upon a balance between convenience
in operation and the necessity of close voltage control in
a circult whose elements nay bes subject to aglng effects
and sensitlive %o vibration.

Electrical frequency meters have received nuch atten-
tion during the last few years. Hunt (reference 39) and
Wheatcroft and Haley (reference 40) have described direct-
reading frequency meters based on nodern slectronic tech-
nigue. This type of instrument seems to have good possi-~
bilities as the chronoscope unit for sonic altimeters of
the nodulation types as described by Jacquet and Badin
(reference 18), o

At the present time the electrgomechanical chronoscope
seems to be best mdapted for use in the somic altimeter.
The precision of this instrument can be made s& high that
it does not limit the accuracy of altitude measurements in
any way and it seems to have withstood the test of actual
service in a nunmber of installations. Ohronoscopes of the
electrical type show considerable promise but will regquire
developnent before they are completely satisfactory. In
any case, there is always the rotating hand-human observer
conbination with excellent sensitivity dbut low precilsion
in tinme nmsasurement.

SOME RELATIONS FROM THE THEORY OF SOUND

The theory of sound deals with small displacements of
particles in e continuous medium. Figure 12 shows the es-
sential features of the sound problem for the simplified
case of & plane wave, When no disturbance is present, all
the particles in planes at right angles to the x-~axis are
at rest in their equilibrium positions. When these parti-~
eles are disturbed by a pressure gradient in the naterial,
all the particles in a thin slice are displaced a distance
t from the equilibrium and resist the motion by thelr own
inertis reaction. A derivation of the wave eguastion for
sound is outlined in Appendix B and the solution is glven
for the case of s sinusoidal wave. It is noted that the
relations conmonly used in sound theory are based on the
assunption of a disturbance so small that the density and
pressure changes are negligibly small fractions of the ac-
tual values. In this case of an "infinitesinal? disturbd-
ance, the wave will naintain the sane shape as it is prop-
agated through the mediun. On the other hand, if the pres-
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sure and density changes are too larges, a wave will change
its shape during propagation. This fact is important for -
sonic altineter work since it places a limit to the amount

of sound power at a single frequency which can be sent out

fronm a source of given size. If this linit ls exceeded,

a part of the energy will be lost in higher harmonlces

whlch cannot be detected by a tuned and filtered receilving

system,

Derivations of the sound-theory relations which are
useful for sonic altimeter purposes are carried through in
Appendix B. The quantities of most interest in waves of
ginusoidal form are:

P is the root mean square pressure change due to a

sound wave; called excess pressure or gound

pressure. -
£, amplitude of particle displacement due to the -

sound wave.

I, average rate.of transfer of sound energy across
unit-area of the wave front; called Aintensgltiy.

In the succeeding discussion p will bs measured in bars oy
(one;bar is equal to enws dyne per square centimeter), dis-
placements will be measured in centimeters, and intensity

will be given in watts per square centimeter. The rela- $
tion between intensity and sound pressure is

p2 -
I = — . watts per square centimeter (23)
Py © 10

where p, 1s the density in grams per cubic centimeter
and ¢, velocity of sound in centimeters per second

For the case of normal barometer (760 millimeters of mer-
cury) and a temperature of 20° CG., the value of g, ¢ is

42, TFigure 13 ghows the curves for sound pressure, parti- -
cle displacement, and particle acceleration as functlons
of intensity. _The range of intensities chosen is very
high compared-$6 thoge encounbtered in ordinary sounds
since it is desired to illustrate the extremely high ac-
celerations which would be necessary to obtain high out- . -
puts from small-size radiating arecas. For purposes of
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comparison, it can be noted that the maximum intensity a
human being can endure without injury to the hearing or-
gans, is about 0.001 watt per square centimeter. TFor s
sound pressure of O.1 atmosphsre, the variation of the co-
efficient in the wave equation which gives the velocity

of sound (sec Appendix B) will have the same order of mag-—
nitude. This great a change would certainly be accompa-.
nied by considerable ensrgy losses from the effective sige
nal frequency. Using.the intensity corresponding to a
sound pressure of 0,1 atmosphere taken from the curve as a
tentative limit, the maximum sound intensity in any pas-
sage of a practical sound source would be '8 watts per
square centimeter. This intensity corresponds to an accel-
eration 4 X 10 times gravity. Since the curves are
plotted on the basis of simple sound theory the values
willibe approximate.only. However, the difficulty of in-
rarting such motioné‘fEJa mechanical system is obvious.
The actual linmit of efficient operation for any given
sound source would have to be determined by experiment, so
1%t is impossible to do more than indicate the nature o

the action %o be expected. R

JR—

The general subject of acoustic losses in high inten-
81ty sound waves has been treated by Fay (reference 41}
and Thuras, Jenkins, and 0'Neil (reference 42),

EFFECT OF SPREADING ON SOUND INTENSITY

If the output from a source of sound Is confined to
a cone whose apex is the gource, the same amount of en~
ergy will flow across surfamces which increase in area with
the square of distance from the source. This is no longer
true 1f losses due to absorption are talken into account.
Rice (reference 13) has particularly considered the effect
of spreading on the sonic altimeter problem and describes
nany actual measurements on .sound intensities from vari-
Ous sourcese. In Appendix B it is shown that,if spreading
alone is considered, the relationship betweédn sound pres-
sure, actual altitude, and power of the source is:

cos 8 v . - T
= 24
P 184 h J/Vl - cos A (24)

where - P
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h is in feet

p is in bars

W is in watts _

A is in half aﬁgle of the cone of sound
.

8§ 1is the angle between cone axis and the

vertlcal

In general, the requirement to be fulfilled 1s that a
certain minimum sound pressure must exist in the echo from
the signal in order to produce a definite response from
the receiving system., Thus the essential design problem
in a source of sound is to achieve the largest possible
output confined to a narrow beam; i.e., to make W largs,
and A small, The angle &8, Dbetween the cone of sound
and the vertical should be set to produce the best posgi-
ble echo at the receiver. This angle is determined by the
ratio of the speoed of the airplane to the speed of sound
and the sglope of the ground. In actual practice this tilt
of the sound cone can be made adjustable, or fixed at some
compromise angle. The altornative is to make the cone of
sound so large that it will reach the receiver under all
conditions which occur in operation., This last solutlon
is unsatisfactory since a large cone angle reduces the ef=
fectiveness of the source so far as the echo is coancerned.
The effect of spreading on the range of a sonic altimeber
will be congidered later.

ABSORPTION LOSSES

Absorption in the atmosphere reduces the intensity of
sound due to friction effects in the medium itself. These
transmission losses may be divided into two classes: first,
direct absorption of the sound by the medium, and second,
losges due to diffraction and interference resulting from
nonhomogenclty and turbulence in the medium.

Except at very high intensities, such as might exlist
in the immediate vicinity of an intense sgource (reference
42), the absorption of sound per unit distance transversed
is found to be proportional to the intensity of the sound.
Mathematically, this leads to an exponential law for de-
crease of intensity with distance for plane waves, i.e.,
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I = I e P¥ (25)

where I is the intensity of sound when =x 1is zero

0

x, dlstance measured from some arbitrary point ¢

W, the abegorption cosfficient

The most rellable data on this type of attenuation are those
glven by Knudsen (references 43, 44, and 45). ZKnudsen has
carried out extensive measurements on the rate of decreasse
of sound intensity in closed chambers & & function of tem=
perature, pressure, composition, and moigture content. His
data, which are pertinent to the sonlc altimeter problem,
have been converted into terms of db reduction in inten~
slty per 100 feet of distance and plotted in filgure 1l4.
These curves show that conditions of high humidity are ac-—
companied by relatively low attenuation. This is a desira~
ble characteristic for acoustic soundings since a sonic al-~
timeter will bPe most useful in fog and storms. For high
humidities the attenustion at 2,000 cycles per secéoud is
1/4 db per hundred, and at 10,000 cycles mer second the
attenuation is 2 d4b per hundred feet. Thus a 2,000-cycle
beam will be reduced to half intenslty in a distance of
1,200 feet, while a 10,000~cycle beam would require only
150 foet for this same reduction. This rapid increass in
absorption with increasing frequency certainly prevents

the use of ultrasonic frequencies for sonic altimeter pur-
poses and makes it desirable to use the lowest freguencles
permitted by other aspects of the problem.

Information on the effects of nonhomogenelty in the
atmogphere is much more difficult to obtain than in the
case of direct absorption. BExtended studies of the trans-
mission of fog signals at sea have been made by Hubbard
(reference 46), Milne (referencé 47), King (reference 48),
and Tyndall (reference §0)H|Of the investigators who have
studicd the sonic altimefer directly, only Delsasso (ref-
erence 26) has made any specific mention of the effect of
atmospheric conditions, although a number of others have
suggested that violent disturbances such as storms greatly
affect the operating range of a sonic altimeter. Data on -
sound transmission in an essentially horizontal plane can
probably not be directly applied to vertical sound paths.

Vertical gradients of velocity and temperature may have
much worse effects on horizontal than on vertical tralds="— T
mission, The only conclusion that can be drawn from the
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information now available is that atmospheric attenuation
will fluctuate in an erratic manner and becomes greater
under conditions of strong disturbances. Since one of the
important functions of a sonic altimeter is to assigt the
pilot in bad storms, this phase of the general problen
should certainly be investigated to ostablish quantitative
limits for the conditions found in practice.

REFLECTION AND ABSORPTION AT THE GROUND

Refloction from the ground surface forms an essential
part of each acoustic sounding. The wide variation of the
ground surface makes this phase vf the prodblem very diffi-
cult to handle quantitatively. It is only possible to de-
fine the limiting cases and to sketch in roughly the gen~
eral principles involved. The best possible condition is
that of a hard plane surface which does not absorb any enw
ergy and reflects the sound beam in the same manner that
light is reflected by a mirror. This is called gpescular
reflection and ig illustrated in flgure 15a. The second
type of reflection ig assumed to have a maximum intensity
on the perpendicular to the reflecting surface and fall
off as the cosine of the angle from this perpendicular.
This variation is sinilar to Lambert's Lawv of diffuse re-
flection in optics, and for this reason Rice has given the
name of diffuge reflection to this type of acoustical phe-
nomenon, Figure 15b is a plot showing the intensity as a
function of angle in diffuse reflection., Actually, any
reflection of gound will be some combination of both types
of reflection depending upon the nature of the reflecting
surface. TFlgure l6a shows a possible distribution of in-
tenslity with specular_ reflection predoninating, whille fig-
ure 1l6b is a sinllar plot showing a case with diffuse re-~
flection nredominant. An expression for the ratio between
echo Intenslty with specular reflection and with diffuse
reflection has been given by Rice. Absorption losses at
the surface of the ground are taken into account by neans
of reflection coefficients. As derived.in Appendix OC,
this expression ig:

&

It Tt

_ (26)
Ip 4K tan® A

where Kt is the reflection coefficient with spec-
ular reflectioni
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X, the reflection coefficient with diffuse
reflection

ﬂ, . the h
Rice notes that with both reflection coefficients egual to
unity the intensity ratio is 8 for a half-cone angle of
109, 1If the specular-reflection coefficient is unity and
the diffusge~reflection coefficient is 0.25 the intensity
ratio becomes 32, Thesge values illustrate the very large
differences which can result from variations in the re-
flecting surface. In practice both diffusion and absorp-
tion effects are taken into account by moams of experimen—
tally deternined coefficients.

Bisner and Kriuger (reference 51) have determined re-
flection coefficients for sound directed perpendicular %o
the surface tested. Their results are summarized below: e

Terrain Reflection coefficient -
in percent

Ice 100 .

Water . 93 - T T s
Megdow 46 Tt e —e
Forest ' 19~46 Ce —_

The worst terrain from the standpoint of the sonic altime
eter is certainly a forest. It is probable that the sound
frequency used will ‘influence the absorption coefficient.
As in optics, waves having wave lengths comparable to or
groater than the size of obstacles they mest, easily bend
around these objects. 4 low~frequency sound’'directed to- .
ward the top of a forest would be expected to penetrate
farther into the treesk and, assuming squal absorption co-
efficionts per unit of depﬁﬁjwould be more strongly ab-
sorbed than sound at a higher frequency. 4&n effect which
night possibly be more important is that the increased
penetration at low frequencies would result in an indefi-
nite path length with an accompanying decrease in echo’ in-
tensity‘at any instant but an increase in duration.

The foregoing discussion shows that transmission
losses along the sound path in acoustic. soundings will
vary fron a ninimum value due to the direct absorption
losses which account for about 1/2 db per hundred feeot
of path length at 3,000 cycles per second to a higher value
which includes not only this attenuation but a further 7
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db (nmultiplying factor of 1/5) due to losses at the ground
surface. In addition to these effects there are further
reductions in intensity due to atmospheric disturbances
which are indefinite but can easily amount tv another 3 to
5 db (multiplying factor of 1/2 to 1/3). Thus for a
gounding at 800 feet, transmission losses can be as muoch
as 20 db, which corresponds to an intensity ratio of
1/100. This, of course, is in addition to the spreading.
losses which! cause the intonsity to fall off as the in-
verse &quare of the sound~path length., These rough esti~
mates show very clearly the difficulty in designing =a
sonlc altimeter to operate at even moderate altitudes.

SOURCES OF SOUND

Power for the signal reguired in acoustic soundings
can be derived from chemical, electrical, mechanical, or
compressed gas supplies. With the exception of the Jacquet-
Badin instrument which used a continuous sound wave moduw
lated by the echo, all the practical sonic altimeters de-
scribed up to the present time have nequired an intense
signal of very short duration. This,means that the actual
source of power can work continuously at a low output to
store up energy for a sudden release at the proper instant.
The selection of a power source must be determined by the
acoustic output possible from a unilt of reasonable wolght.
In order to make a fair comparison, all the additional
equipment required for the sonlc altimeter must be consid~
ered, including storage and control mechanisms. Beyond
doudbt the pistol sound source of Behm is oxcellent from
the standpoint of weight provided the number of soundings
required ig not too great. However, any advantage of thig
sort is nullified by the complex nature of the emitted
sound which prevents the use of an efficient receilver, In
practice. the power actually used to operate the transducer
will usually be either iw™Form of electricity or compressed
gass This is true whether the actual transducer 1s a me-
chanically excited diaphragm, an electrical loudspeaker, a
whistle, or a siren. It is possible to estimate the probw
able weighte of -the units required for energy storage in
both cases and to estimate the weight of the actual trans—
ducer, but unless the weilghts of voltage changers, motors,
air compressorg, etc., are known, no definite conclusion
can be reached. Up to the present time, the range of son~
lc altimeters with electrical sound sources has been g0
low compared to that of air-driven units that there 1s a

~
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reasonable basis for assuming that this latter type has a
definite advantage 1n practice. On the other hand, a com-
pletely electrical sonic altimeter could be opefrated from
the normal aircraft power supply., and thus could afford a
consi derable welght handicap in the transducer unit as
comnared with an instrument requiring a speclal compressor
installation, A definite answer to the question of the
best power supply must wait for a careful design of each
type to be worked out on the basls of & comparable perform-
ances

For efficient operation of a sonic altimeter the
acoustlc energy from the sound source must be so directed
that the receiver is in a region of relatively high inten~
sity when the echo returns. Any energy which is distrib-
uted over areas outside of possible receiver positions is -
no more avallable than if it were lost by absorption. Py i
Thisgpleads to the necessity of a directive sound source. ~°
So far as the free atmosphere is concerned, the actual )
enitter is either the mouth area of some type 6f concentrate
ing unit or the actual surface of a diaphragm. JFor in any
case the directionality of the sound output will depend
upon anplitude and phase relations over the radiating sur—
faces In general, it is impossible to calculate the inten-
sity distridbution and sound-power output from an grbitrary
source. However, the simplified case of a vibrating disk
placed in an infinite plane baffle will lead to resulis
similar to those found in practics. Appendixz D outlines
the treatment presented by Morse {(reference 32) for radia-
tlon from a digk. Figures 17 and 18 show intensity dis-
trivutions for several ratios of wave length to disk radi-
us. The intensity scale is arbitrary, dbut for comparable
conditions in each case. With a wave length five times
the disk radiusg, the intensity distribution is almost hen-
ispkerical while most of the energy is confined within a
cone of 30° half angle if the wave—length-radius ratio is
2. TWhen the wave length is made equal to the radius the
radiation cone half angle is about 15°. This aengle becomes
about 10° when the radius is twice the wave length. As
noted above, the calculated distributions are not realized
in practice but the gencral trend of increased directional-
ity with decreasing wave-length-radius ratio checks with
experiment. Goldman (reference 52) observed that the ac-
tual cone angle of radlation is 1.5 to 2 times the calcu~,
lated angle. - -

The integration necessary to calculate the total sound
output from a vibrating disk is discussed in Appendix D.
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Reduced to simple terms, the relation between the disg-
placement amplitude of the disk, power output and radlus
for 3,000 cycles per second is : Ce

Xy = 0.0203 (ontimeters per watt radiated
8

(27)
Assuning that it is desired to concentrate the radi-
ation from a sonic altimeter source in a cone with a half
angle of 20°, the diagrans of figure 18 show that the disk
radius should be about twice the wave length emitted.
Rice found that an output of about 85 watts was produced
by his sound source at 3,000 cycles per second. So, tak-
ing 100 watts as a reasonable output for a hypothetical
instrunent, the required disk radius will be aboubt 23 cen~
timeters., The disk must vibrate with an amplitude of 0.09
centimeter, This corresponds to an acceleration amplltude
of about 32,000 times the acceleration of gravity. The
mechanical difficulties of imparting such an acceleration
to a rigid disk 50 centimeters in diameter, are obvious.
With these figures in mind, i1t will be seen that a dla-
phragnm similar to that used by Nandillon (reference 18)
" has serious limltations as to the possible output.

The art of designing elements tofefficlently carry
gound power from a small transducer %to the free air, is
well developed and has been discussed by many workers (ref-
srences 53, 54, 55, 56). It is possible to make very
great 1mprovements over the freely exposed diaphragm, but
even if the necegsary diaphragm acceleration could bé re=
duced by a factor of 1,000, it wouald still be difficult to
obtain an output of lOO watts with good directionality
from a small electrically driven unit. Up to the present
tine the efforts of acoustical englneers have heen largely
directed toward the production of units with uniform re-
sponse over a wlde frequency range. The loudspeaker de-
scribed by Wente and Thuras is typical of the results ob-
tainable (reference 57). Their unit produced 15 watts of
sound energy with an over-all efficiency of 50 percent.
The weight of the apparatus was about 15 pounds, which
glves an output of about 1 watt for_ each pound of welght.
It is to be noted that the loudspeaker of Wente and Thuras
was designed for a wide frequency range and gliven & con-
tinuwous rating, so it ie certain the performance could be
greatly improved for sonic altimeter purposes by regtrict-
ing the range and using an intermittent rating. A4Another
possible solution of the sound-source problem lies in the
use of an electrically driven vibrator similar to those
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of automoblile horns. Difficulties from a slow building
up of the sound to full intensity are to bs expected for

such dsvices. . o

Pulse length iIn the signal should be as short as pos-—
sible from the standpoint of interval timing. However,
best operation of a receiving system is attained when the
echo has a wellwdefined frequency over a long period. The
problems introduced because of these conflicting require-
ments appear both in the fundamental physical theory and
in the mechanical design of a particular sonic altimeter,
From the physical standpoint, the concept of radiation at
a single frequency cannot be realized except in an infi-
nitely long-wave train. The starting and stopping of the
radiation involves a spread of ‘energy over a band of fre-
guencies which increases in width as the number of cycles
in the pulse decreasses. The derivation of the relation
between intensity and wave length is outlined in Appendix
E. Figure 19 shows the corresponding plots for anumber of
eycles betwesn 1 and 32, TFor a pulse consisting of a sin-
gle cycle, the energy is distributed from very low frequen-
cies to a high frequency limit which ie almost twice the
frequency of the original pulse. The energy becomes more
concentrated toward the pulse frequency as the number of
cycles is increased, until with a pulse length of 16 cy=-
cles, the energy is spread over a range which extends less
then 5 percent on eilther side of the pulse freqguency. The
plot shows that any sonic altimeter signal should contain
at least 16 cycles if the receiver is to be sharply tuncd e
and that there is a comparatively small percentage galn in
intenslty by going to larger numbers of cycles. This cone-
clusion agrees with the results found by experiment in
that actual sonic altimeters have used frequencles between
1,500 and 3,500 cycles per second with a pulse duration of
about 0,01 second.

Air-driven gound sources such as whistles and sirens
have a definite advantage over units which use diaphragms
since there are no mechanical parts to be vibrated at sound
fregquencys. The mechanical limitations are thus reduced
but the losses which accompany high sound intensities are
8till present., The problem of directional emission from
alr-driven sources is not susceptible to mathematics bub
the general principles with regard to the influence of the
wave-length-radius ratio will still be valid as applied %o
the horn opening., It will certainly be necessary to tesbt .
each combination of transducer (in this case the whistle,
siren, or other device for producing sound from the energy
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of compressed air) and coupling element (horn, megaphone,
parabolic reflector, etc.) under the actual service condi-
tlon. This ,could be done by making a full~vscale model of
the aircraft parts near the sound source and carrying out
intensity measurements with the cone of sound directed up-
ward to avoid interference effects from ground objects.

It seems reagonable to direct the beam of sgound forward
toward position of the receiver when it is execited by the
echo and to eliminate the-useless side parts of the sound
cone by proper shaping of the horn used to couple the
transducer to the atmosphere., Such a design will entail
little sxtra labor since the detaills must depend on ox-
periment in any case.

Rice (reference 13) has given the only available
quantitative data on the performance of whistles as sound
sourcés for acoustic sounding purposes. He found that a
freely exposed whistle transformed about 5 percent of the
input energy into sound while under similar conditions
the efficiency of—a siren was only about 1/10 of this
" amount, The total output from a whistle which gave 152
wattes in free air was reduced to 86 watts when 1%t was
placed in a directive megaphone. In contradictidn to
Ricel!s conclusion that the siren is inferior to the whig-
tle, is the fact that the best developed sonic altimeters
uge sirens as the sound source at the present time. It
may be that the siren is well adapted to use with a di-
rective horn and that Rice would have obtained better com-
parative results from this device if his teste had been
carried out with a megaphone instead of in free ailr. In
any case a quantitative performance invesgtigation for
various types of gir~driven sound sources in combination
with directive elements specially designed for the sonic
altimeter would be of great assistance in future work.

MICROPHONES

Microphones act as transducing elements to change
acoustlc energy into electrical energye. Such a device 1s
an essential part of every sonic altimeter except those
instruments using aural detection. Microphones are of two
general types - the carbon-powder type and the generator
typs. Carbon-powder microphones are ruled out for sonic
altimeter purposes by their extreme sensitivity to mechan-
ical disturbance (reference 19). The generator micro-
phonos whiash are commercially available, can be clageified
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as electrostatic, electromagnetic, and piszoelectric or

ecrystal types. The electromagnetic units can be subdl-

vided into moving iron (the inverse of the common tele-

phone receiver), moving coil, and ridbon types. 4 good

ecriterion of performance for microphonss 1s the voltage

delivered to the grid of the first amplifler tube for one

bar sound pressure on the unit. The tabulation bslow -
shows representativs sensitlvities for the various types

of microphones: -
Type 'Millivolts per bar BReferences o
Moving coil 10 ' 58 and 5§ B
Condenser 3 58 — ) )
Ribhon 1. _ 60
Piezoelsctric \0,1 : 58

The microphone used by Delsasso (reference 28) is a spe-

cial type which cannot loglcally be fitted into .the above

classiflcation. -His unit had a2 satiagfactory senslitivity

and selectivity for operation on a lighter~than-alr craft

but was not tested on an airplans. T oTT— s -~
In addition to the sensitivity, the threshold (mini-

mum sound pressure for a definite indication) i1s also use~

ful. This limit is set by uncontrollable erratic effects

in the amplifiers and can be safely taken as 10 microvolts

for pure tones. On this basis the thresholds for various

types of microphones become: T ——

Iype Threshold in bars

Moviné coil 0.001 -
Condenser : . » 003 o

Ribbon - .01 _
Piezoelectric .1

It is to be noted that the moving-coil microphone was the
only one of this group fitted with an acoustic coupling
network so that the thresholds for the other types would
probably be increased if proper coupling systems were used.
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For purposes of comparison it can be noted that the thresh-
old pressure for the average human ear 1sg 0.0005 bar.

Thus the ear can detect a sound pressure about half of that
required for the nost sensltive microphone on the basis
aedopted above.

When the high noilge level existing about an airplane
in flight is considered, it is obvious that threshold
pressure 1s not the limiting feature of mlcrophones for
acoustic soundings. The important properties are insensi-,
tivity to shock and vibration with an ability to selsct a
pure tone echo out of a high intensity background of noise.
The electromagnetic type of microphone is probably best
from the standpoint of ruggedness and the ability to tune
out undesgired sounds.

MICROPHONE COUPLING SYSTEM

Sonio~altimeter experiments have uniformly demonstrat-
ed that the altitude at which reliable echoes can be detect-
ed incrcases very greatly when the alrcraft nolse is re-
duced in any way. This,definitely proves that the rangse
18 linited by the ratio of signal intensity to noise inter-
ference rather than by the absolute intensity of the echo.
It therefore becomes important to determine the intenslty
digtribution with frequency of noise from various sources
on the aircraft. This problem has been studied by many in-
vestigators (references 61, 62, 63, 64, 65, 66, 67, and 26).
The essential result of these experiments for sonic altim-
eter purposes 1s that intensities for frequenciles over
1,500 cycles per second are relatively low. Since a micro~
prhone sensitive to frequencies lower than 1,500 cycles por
second would continually receive excitations from the air-
craft itself, a very high intensity would be required be-
fore the sounding signal could be detected. This,effectu~
ally prevents the use of such low frequencles and requires
that the source emit a signal at a high frequency where the
intenslty of aircraft noise is relatively low.

HEoThs as applied to microphones are usually for the
purpose of increasing the sensitivity by collection of
gsound energy from a larger area. In the sonic altimeter
case, the problem is one of selectivity rather than sensi-
tivity. Thus the coupling element should be chosen on the
basis of 1ts directional properties rather than its power
to collect more energy from the atmosphere. The same gen-
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eral principles apply in studying receiving horns as in
the case of sound sources. Many different shapes of sound
collectors have been studied. Parabolic horns are guite
directional and amplify the sound pressures five or six
times at frequencies betwecen 1,000 and 3,000 cycles per
gsecond (roferences 68 and 69). Exponential horns give
nore amplification but the directional offects are not so
woll defined, ospecially at low freguencies (roeferesnce 70) .
This is a goneral characteristic of all types of horns -
80 tﬁat the ability to collect sound energy fron one di-
rection while disregarding sound from other directlions,
cannot be relied upon to give fresddém from interference

due to low freguency sounds produced by the aircraft. A4s
in the case of sending horns, the best design must be de~
ternined by experiments made under actual operating con-
ditions. It is probable that conical and parabollc horns
will be preferable to exponential horns.

FILTERS

Filters are required in the receiving system of a
sonic altimeter since it is impossible to eliminate low—
frecquency sounds by nmeansg of directional horns. There is,
of course, the posgibility of using a very selective mi— .
crophone diaphragm but this expedient could easily give
trouble dué¢ to Doppler effects or slight changes in_ the
source freguency. In sddition, a sharply tuned mechanical ~
systom is easily excited at its own natural frequency by
shocks. Improper operation from these natural frequency
effocts must be prevented by the use of olectrical filtors.
It follows thnt a practical sonic altimeter system will
almost certainly incorporate some type of filter.

Acoustic filters have been analyzed by many investi-
gators and the fundamental principles are well known (ref-
erences 71, 72, 73, and 74)., The theory of electrical _
filters is also well worked out and is avallable in o con-
cise form (reference 75). ' "

In general, filters can be designed td have any de-
sired characteristic. However, there is one unfortunate

characteristic in common for all filtering systems; That -oo- -7
as

ig, the time constant of the flilter becones longe  the
pass band of frequencies is made smaller, Thus, if the
pass band is too narrow, the time constant may become S0
long that a shdort pulse appliecd to the input will appear
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greatly reduced at the output terminale of the filter.
This problem will probadbly not become serious for sonic:
altineter work since the fregquencies to be eliminated are
lower than the signal fregquency and a high pass-band type
of filter can be used.

DISCUSSION AND CONCLUSIONS

Various factors which._.are Ilnportant in the problenm of
acoustic soundings, have been considered above. It has
been shown that a well-designed modern chronoscope will in-
troduce mo appreciable errors in the indicatlons of a son-
ic sltineter. Sinilarly, nicrophone sonsitivity is not an
inportant factor in sonic altimeter performance. The nost
inportant limitation ig the intensity of sound due to the
aircraft which cannot be separated fronm the echo by neans:
of a filter system. This residusl sound intensity fron
aircraft noise detormines the abgolute magnitude of the
sound pressure required for reliable acoustic soundlngsg.
This ninimunm sound pressure will vary from aircraft to
alrcraft but once it is deternined for a particular cass,
the operating range of a sonic altimeter depends only upon
the power and intensity distribution of the sound source.
With theso factors nado definite, approxinate operating
linits for a sonic altineter can be deternined.

The greatest altitude will be obtained with gtill air
over a surface such as ice or gmooth water, wvhich gives
perfect specular reflection. The other linit of the oper-
ating range will occur over strongly absorbing terrain
such as a forest when violent atmnospheric disturbances ex-—
ists It 1s of interest to egtimate these operating ex-
tremes approximately in order to deternmine the gesneral
possibilities of the sonlp gltineter, and also to see how
closely the instruments which have already been construct-
ed\-approach the theoretical linits.

The assunptions required for estimating ranges of op-
eration are approxinate since exact data are lacking.
However, the data used in the calculations wlll be con-
sigtent with the information now available. Rice (refer-
ence 13) found 1t pogsibpile to construct a whistle and neg-
aphone conbination which confined the sound radiation
within a cone or half angle equal to about 20°. Rice also
determined that under cruisging conditions the human ear
with a proper nmegaphone and filter sgsystem could identify
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an echo with a sound pressure of 2 bars at 3,000 cycles

rer second. This,should be approxinately the sane as the
pressure requlred‘by a good nicrophone systen under the
sane conditions, The data of Knudsen (reference 44) show
that atmospheric absorption in still air produces an atten-—
uwation of db per 100 feet of sound path. Upon the basis
of qualitative information given by Delsasso and others,

it is reasonable to assune that the attenuation due to vi-
olent atmospheric disturbances nay increase to 2 4b per.
100 feet of path. Eisner .and Kruger (reference 51) give

a roflection coefficlent of about 0.2 for the worst condi-
tion of & forest surface. (This,gorresponds to a reduce—
tion in intensity of 7 db.) )

The THiddle column of the table below contains & Tange
of assuned power outputs for the sound source of a sonic
altineter which confines tho energy to a cone of 20° half
tngle. The left-hand column glves the estimated linit of
operation for a requirement of 2 bars sound pressure at
the receiver if the roflection ig specular with no absorp-
tion and the attenuation igs % db per 100 feet of sound
path. This.represents the best nossible opex ggi%g condi=""
tion for the given sound pressure. The rights and colunn
is calculated in o sinilar nanner sxcept that tho attenu—
ation is taken as 2 d4b per 100 feet of sound path add =~
the reflection coefficient at the ground is 0.2, which
approaches the worst operation condition,
Maxinun altitude Power Maxinum altitude Begt altitude
(best condition) (worst condition) Worst altitude

foet watts feoot
500 10 175 : 2.9
650 25 225 2.9
780 50 265 o 2.9
935 100 300 | 3.1
1,025 150 330 8,1
1;500 500 410 | 3.2

This table nicely sunmarizes the possibilities and
linitations of the sonic altimeter. The ratio of maximun
altitude for best conditions to the maxinun altitude with

I'w
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worst conditions has a value of about 3 for the entire
range of power outpute considered. With increasing power
the range increases, but much more slowly with high powsers
than for lower powers. Thus the gain in maxinun altitude
between 500 and 780 feet for a power increase from 10 to
60 watts would probably be worthwhile, but the gain fron
1,025 feet to 1,300 feet as the vower is changed fron 150
watts to 500 watts, represents a rather small percentags
increase for the added weight and conplication required.
The raunge of- 935 feet for 100 watts power checks well with
the results of Rice who obtained an operatzng range of 800
feet with a power of 86 watts. The other calculated maxi-
nun altitudes for less than 150 watte power agree well
with experimental results already reported. No gquantita-
tive data are available on the power of the sound sources
used but the published descriptions indicate that the out-
puts probably fell within the range indicated above.

The calculations used in computing the table should
give a fairly reliable value of the maximun operating al=-
titude under the best conditions, but the attenunation fac-
tor for disturbed atmosphere ig very uncertain. A deter~
nination of this attenuation factor over a wide range of
conditions would be a valueble addition to the art of
acoustic soundings. . .

All the values given in the table are based on a re-
guired sound pressure of 2 bars in the echo. Since any
reduction in thig required sound pressure will be reflect-
ed as a direct increase in operating altitude, 1t 1isg very
desiroble to make quantitative measurements of the sound
preossure actually required for echo detection in nmodern
aircraft., It nay be that with engines renoved fron the
fuselage and careful streanlining the sound pressure re-
guired for echa detection has been substantlially reduced.
If thie is tho case the gonic altineter will become a vory
attractive instrunent for use in routine operations.
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APPENDIX A

DESCRIPTIONS OF SONIC ALTIMETERS
Behn-Luftlot and Behnlot

(References 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12)

t

The TITANIC disaster of 1912 started research upon
the location of lcsbergs by means of sound waves. In the
-course of these experiments it was found that the sonic
nethod could be readily asdapted to marine depth finding.
One of the leaders in this field was Dr. Alexander Behn
of Germany, whose work resulted in the Behm ECHOLOT, The
shock of an explosion served as the source of sound but
later modifications used nechanically or electrically ex=
cited diaphragns for this purpose. The obvious method of
detecting the echo by ear and timing the interval beiween
the signal and the echo with a stop watch was unsatisfac-
tory because of the short-tine intervals involved. As a
consequence; Behm developed s preclise chronogcope (Xurz-
zeitnesser) actuated by electrical impulses from carbon

nicrophones excited in proper sequence by the signal and
its echo. — o e

Soon after 1920, Behm started to apply the principles
of the ECHOLOT %o the problem of altitude measurement in
alrcrafts, Behm's first LUPTLOT was developed in 1926 and
used in the "Graf Zeppelinti:) This instrument, which was
very similar to the marins installstions, was suited to
alirship use by a number of changes and was later adapted
for installation in airplanes.

The essential parts of the LUFTLOT as used for a se—
rieg of alrplane tests in 1930, are descrlilbed below. The
source of sound was a pistol for firing blank cartridges.
This unit was mounted outside the fuselage as shown in
figure 20. A carbon microphone located on the other side
of the fuselage (fig. 21) acted as the detecting element
in the receiving system., Figure 22 shows the external ap-
pearance of the indicating and control units. The desired
information was conveyed to the observer as a Sharp de-
flection of a small spot of ligh%t in passing over a trans-
lucent screen parallel to a scale graduated directly in al-
titude units. A typical sounding is recorded photograph-
ically in figure 23. After the signal has been Téleassed
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the line produced by the light spot appears at 1, The re~
turn of the echo occurred at 2 ané the spot returns to
its normal conditlon as at 3.

Figure 24 shows diagrannatically the working parts of
the Behm LUFTLOT chronoscopes The signal is produced by
a cartridge fired from the pigtol 10Q0. Sinultansously, a
contact is broken in the circuit of the relgy 8 which
causes the reloase of an armature 1. When this arnature
ls released thoe cantilever spring 2 gives the system 7
an inpulse which causes it to rotate about an axis in the
plane of a mirror attached to the system. As 1t rotates,
the mirror reflects the focused image ofan incandescent
lamp on a translucent screen and thus produces the offect
of a line of light to an observer, This linoc of—1llght is
seon as parallel to a graduatoed altitude scale. Wken tho
echo is received by the nicrophone 9, the reed 4 of
the electromnagnetic oscilllograph 3 1is excited and noves
the snall lensg 5, Thisg notion of the lens causes a do-
flection of the bdright line as shown at 6. An autonatic
control system returns the mirror %o ite initial position
aftor each sounding,

The optical chronoscope as described adove was ap-
parently very successful in the narine depth finders but
the requirenoent of constant attention from the observer
was & dlsadvantage for ailrcraft use. Thig situation has
been sonewhat improved in a modification of the LUFTLOT
called the BEEMLOT (refcrence 8).

The later Behm instrument as described in 1935 dif~
fers principally from its predecessor in that a completely
mechanical chronoscope is used. This chronoscope does not
require direct observation by the user at the lnstant of
the echo, since & hand remalns at one reading until the
next smounding is started.

Figure 25 1s a diagram showing the essential parts
of the BEEMLOT. The pistol 1 is automatically fired at
fixed intervals by the electric motor 3 after the switch
4 1s closed, The microphone 2 1is so located that 1t
will be strongly acted upon by the signal. This microphone
is so connected that the vacuum-tube amplifiocr 14 con-
nected to the recciving microphone 13 will not transmit
an impulse to the chronoscope during the signal. In addl-
“tion, the microphone 2 causes the relay magnet 5 to
release the armature 6., When 6 1s released the spring
8 immediately starts the rotor 7 which carries the
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pointer 10 over the scale 11 at unifornm speed. TWhile
the rotor is noving the signal travels to the earth and
back as an echo over 'the path 12. When the echo strikes
the recelving microphons an electrical impulse ls gener-
ated which acts on the relay magnet 16 and causes the
mechanical brake 17 to stop the rotor. Since the posi-
tion corresponds to the lapse of a certain time interval,
the scale can be graduated directly in altitude units.
This reading will remain fixed untll the user wlshes to
nake another sounding. Figure 26 is an external view of
the BEHMIOT indicator, showing that the unit can be in-
cluded on the conventional instrument board wlthout spe-
cial adapters.

In practice, the Behm instruments had an operating
range between 20 and 100 meters. In a series of flight
tests describod by Schreiber (reference 9), the altlitude
readings were found to have a mean error of £3.56 metecrs.
The instrunents had a weight of about 34 pounds.

Rice (General Electric) Sonic Altimeter

(References 4, 10, 11, 13, 14, 15)

About 1929, Mr. Ce W. Rice of the General Electric
Company (Schenectady, New York), started experiments that
led to a working sonic altimeter for airplanes which he
- described in 1931 (reference 10). Rice lacked the backe -
ground of sounding experience which had been available for
the earller work of Behm. His instrument lacked the pre-
cise mechanical timer of the German EGHOLOT, but the source
of sound and the recelving system were found to be very
efficient in actusl flight tests.

.  Figure 27 ghows the working parts of the Rice Sonic
Altimoter. The source of sound is a specilally designed
whistle which emits a note of 3,000 hertz. This whistle
is operated by compressed gas from a supply tank at 50
pounds per square inch. The pressure ingide the tank is
maintained by a check valve in a line connected to one of
the engine cylinders. Figures 28 and 29 show an actual
installation of whistle and supply tank. A motor~driven
control mechaniem is arranged to open the whistle valve
for a2 blast of 10 to 30 cycles once every 2 seconds. The
echo is received directly by the observer with the aid of
a pailr of stethoscope sarpleces connected to a megaphone.



58 NeA.C,A. Technlical Note No. 611

A properly designed acoustic filter is connected in the
line to-reduce the effect of parasite noise fron the aire
plane and its powser plant, Altitudes are estimated with
the aid of a timer whose pointer rotates at constant speed
over a scale graduated directly in distance units. The.
mechanisn is so deslgned that the polnter passes over the
scale zero when the whistle blast occurs so that the ob-
server nersly has to note the exact position of the pointe
er when the echo is heard. Since the tine intervals are
short, an accurate reading of altitude requires close at-
tention on the part of a trained observer. Thisg situation
is especially bad at low altitudes, and to remedy it a
bleoeder tube 1s connected between the whistle negaphone
and the recelving line. The bleeder enables the observer
to heor the asignal so that with a reasonable amount of
practice he can judge his altitude directly from the tine
intorval between the signal and the echo without looking
et the tiner,

An extended series of tests with the G. E. Sonic Al~
timeter installed in an Army observation airplane showed
that reliable soundings could be carried out up to 800 feet
under cruising conditions over all types of terraln. With
the ongine throttled for gliding, the maximum operating
altltude Ilncreased to 1,400 feet. It was found possible
to make blind landings based on direct judgment of the
time interval betwoen the signal and the echo.

The original apparatus had a welght of about 45 pounds
when installeds The sending and receiving units were some-
what cumbersome but could be satisfactorily installed in
alrplanes of moderate size.

Brombacher (reference 7) notes that the G. E. Sonic
Altinetor was later modified to usoc an electricelly driven
diaphragnm as the source of sound with an electrical re-
ceiving system connected to the regular radio head sect.
This nodification was made for blind lending and has a
range of about 100 feet. No further information on these
changes ias availgble in the literature at the present tine.

Florisson (SCAM) Sonic Altineter

(References 4, 11, 16, 17, 18)

As early aw 1922, Florisson of Francexfhad obtained
good results with sonic depth finders for Tarine soundinge
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He was later especially identified with the use of supor-
sonic frequencies for this purpose. He became interested
in the sonic altimeter problem for airplanes and nads
flight tests on & working instrument in Decembor 1931,
His work roughly paralleled that of Rice in the United
States, and his installation was sinilar to the General
Electric apparatus.

Florisson used a conpressed-alr whistle as the sourcs
of sound. HReception was carried out by means of a sound
collector and tube system leading to earpieces for the ob-
server., Three types of chronoscopes were deslgned. The
first type used a "false signal® generator which could be
edjusted to produce a sound similar to the signal at the
instant when the echo returned. This adjustment required
e nmanual setting of a control on'a scale graduated in al~
titudes The second type of chronoscope proposed to use an
optical oscillograph arrangement to produce a light spot
traveling at uniform speed over a circular path parallel
to an altitude scals. This spot passed through zero when .
the signal occurred and a radial displacenent of the spot
indicated the return of the echo., Finally Florisson used
a pointer passing through the zero of a scale at the in-
stant of the signmal and whose positlion on the scale at the
instant of the echo gave the altitude directly. Léglise
(reference 18) notes that probably only the last schene
was applled in actual flight tests.

Florisson's method of "Acoustic Coincidence' using a
false signal' generator, ig illustrated in figure 30.

The source of sound e has a whistle s which i1s sup-
plied with air fronm a chamber G when the electromagnetic
valve S is opened. C 1is gonnected to a compressed-alr
line .through a restriction which permits a sufficient sup-
ply to accumulate between soundings but will not operate
the whistle directly. This arrangenent gives a sharply
defined whistle blast since the sound rmust stop when the
chanber € has been enptied. The echo is pilcked up by
the horn r and is carried to the carpieces by a sound-
ingulated tube T, A sound filter F placed in this llne
gserves to reduco the effect of parasite noise. The sound
tube is branched at b and the branch is connected to the
electrical "false signal® generator E. R 1is an adjusta=
ble construction,vwhich makes it possible to adjust the
"falge signal® fhtensity to the best operating level., An
electromagnetically operated valve S! in the sound line
is designed to reduce the disturbance due to direct transe
nission of sound from the emitter to the recelver.
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The automatic-control mechanism has a clockwork opoer-
ated can 4 rotating in the sense shown in figure 30. A4
fixed contact 1 1is closed monmentarily when the indenta-
tion 3 passes under the follower spring 2. This con~
tact allows current from the battery 3B +to flow through
the exciting magnets of the valves S _and S', thus pro-
ducing the signal and sinmultaneously excluding it from the
gsound tube during the time of emigsion, The arm 5 carw
ries contacts 6 which close and produce the false echo
when the indentation 3 passes under the spring 7. When
the operator has conpleted the adjustment —tuv bring the
false echo Into coincidence with the echo, the corregpond~
ing altitude is indicated by the vointer 8.

Details of the valve used to release the signal are
indicated in figure 31, When the control contact 1 of
figure 30 is closed, the winding around the pole piece 9
is energized and attracts the armature 10 which displaces
the slide valve 16 the distance a by neans of the rods
1l and 15 acting through the pin 14 and the yoke 13,
This action moves the slide from position I to position
II, =so that air pressure in the chanber ¢ suddenly
forces the valve conpletely open to position III against
the spring 12. When the air pressure has been released
through the whistle this spring sends the slide back to
its original position I in preparation for the next signale

A point particularly mentioned by Florisson in connec-
tion with his apparatus, was the use of light coverings p
and p? over the cnitter and receiver, vhich presorved
the shape of the aircraft surface and provented sound dis-
turbances due to air rushing pest the horn openings.

The essentials of the oscillographic chronoscope prow
Posed by Florisson are shown in figure 32, This apparatus
lg designed for use with the sending and receiving systoen
nlready described up to the point where a nicrophone is
substituted for a hunan ear as the sensitive element. The
scho acting upon the nicrophone produces an output which
ls passed through an eloectrical filter ¥y to reduce par-
asite disturbances and an amplifier a. The output of the
anplifier 1s connected to an osclllograph element 8 by
neans of the slip rings 13 and 14. Thig oscillograph
rotates at constant speed on the same shaft as the control
cante The oscillograph nmirror is illuminated from an in-
candescent lamp 12 through the stop 11, +the lens 10,
and the totally reflecting prismn 9. After the mirror 7
a prisn 5. carried on a rotating arnm, directs the light
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spot onto a translucent screen wlth a circular graduation
in altitude. The nirrors are so phased that the light

spot passes through zero when the signal is released. With
this arrangenment a sufflciently strong echo will cause a
"jog" in the otherwise smooth cirecular line of light ap-
pearing to the obssrver and thus indicate the altitude
readinge :

The schene actuzlly used in the Florisson~SCAM soniec
altineter ig identical with that described iIn connection
with the Rice-G.E. Sonic Altimeter. An oxposition of the
particular apparatus has already beon given in the body of
this report. PFilgure 33 shows the appocarance of the indi-
cating unit, while figure 34 indicates tho essential fea-
turecg of an actual airplane installation.

Actual flight tests showed that the effective alti-
tude range of the Florisson-SCiM instrument 1s esbout 150
neters under cruising conditions and about twice this with
the onginesg throttlod. Soundings could be carried on down
to 5 or 10 neters about the ground. The altimoter itself
had a welght of 8.7 kilograns, while the conprossor and
sccesgoriecs added 5.4 kilograns.

Duboils-~Iaboureur Sonic Altineoter

(Reforonces 4, 11, 18, 19, 20, 21, 22, 23, 24)

Dubols and Laboureur of France designed a sonic altim-
eter for aircraft in 1931, and made flight tests in July
1932, with a vibrating membrane emitter. They have partic-
ularly directed their efforts toward the development of
compressed~alr gound sources and electrical chronoscopes.

Dubois and Laboureur used both whistles and sirens as
emitters. The wvhistles were similar to those already dis-
cussed except for the control valve,which was identical
with that used on the siren to be described. Details of
the siren are indicated in figure 35. Compressed alr is
supplicd from & tube at X (upper). 4 sound blast is pro-
duced by the rapid movement of the piston valve T from
one ond to the othor of the eylinder €. The conducting.
sections a and b separated by an insulating plece, are
80 located with respect %o the brushes' d, that s chron-
oscope circult is broken during the emission time of the
siren. A control gystem not shown in the figure operates
the piston valve at sutomatically spaced intervals.
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The disk D 1ig rotated at constant speed by a gover-
nor-regulatoed olectric motor. A scries of equally spaced
holes o, in the periphery of this disk comes successivo=-
ly into colncidence with the hole 0! in the caging B.
The motor runs at a spesd 0f..3,000 r.p.n., which gives a.
frequency of 1,500 cycles per second. The passages o, of
are oblique to the axig of the disk in order that the drag
torque due to the air flow will be balanced out by an egual
driving torque. This feature makes 1t possible to reduce
the power required for the siren motor, '

Dubois and Laboureur found that electromagnetic micro=
phones were well suited for use in alrcraft since both the
resonance frequency and damping are controllable, The mi~
crophone characteristics were so chosen that the emitter
frequency was located within the resonance range of the miw
crophonse but was well away from the psak. Thig arrangement
gave the advantage of increased sengitivity but made it posg=
sible to filter out natural frequency disturbances of the
microphone excited by shock. ZFigure 36 is a crossg section
of a microphone used by Dubois and Laboureur. A properly
tuned dlaphragm M clamped between annular damping rings
of rubber is held at the proper distance from the pole
pleces pe. The pole pieces are excited by the permanent
magnet A and carry the pick~up coils b. 4 clamp nut ZE
makes it possible to control the sensitivity of the micro-
phone by adjustment of the air gap.

Figure 37 is a circult diagram of the Dubois-Laboureur
electrical chronoscope. Fundamentally, the instrument
measures the voltage developed across the plates of a con=~
denger which is charged from a constant potential source
through a fixed resistance during the time between a sigunal
and the corresponding echo. The constant potential is ob-
tained by the use of a voltage-regulating neon tube N,
end a resistance across the bettery P. A potentiometer
tap from thig resistance is in series with a gsecond neon
tube N,, a resistance r and the primary of a transform-
er T,». The circult im parallel with r includes a Te~
sistance p vwhich can be varied with a tap switch, a fixed
condenser C, and the grid cathode of a vacuum tube.

The function of the tube N, 1s that of a relay. This
tube has the characteristic of becoming an electrical con-
ductor when the voltage across its terminal exceeds a cer-=
tain amount. The discharge is msintained until the termi=~
nal voltage becomes legs than some lower limit. In the
chronoscope circuit the constant voltage applied to N, is
between the breakdown and the extinction values.
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When a signal is sent out the valve motion breaks the
circult between the contacts 4 while the insulation 1
is passing. This momentary brezk in the current from the
battery ‘P, causes the relay S to close contaets p

and p! and also includes a momentary pulse of volbage in
the secondary of transformer T,. The contacts p com-

vletely discharge the condenser ¢ while the contacts pt
short circuit the microphone during the emission period.
The additional voltage epplied to N, by the seconlary
transformer T, is sufficient to break down the tube and

start a constant current flowing in the resistance r.
'This current 1s in the proper direction %o make the vacuum
tube grid positive with respect to the cathode. With a
voltage drop across r the condenser ¢ 1is charged
through the resistance p eand the vacuum tube which con-
ducts when the grid is positive. The primary of the trans-
former T 1is comnnscted to the microphoné through another
transformer and s filter (not shown), so that when the
echo returns a voltage is induced in the secondary. This
voltage is rectified by a copper-oxide unit and =zcts
through the condenser C; +to extinguish the relay tube
N;e Then this occurs the voltage drop across r disap-
pears and the charge sequired by the condenser C remalins
constant since the vacuum—-tubs resistance becomes practl-
cally infinite to a reversal of current in the condenser
circult, TUnder this condition the grid I is maintained
negative with respect to the cathode by an amount equal %o
the charge on the condenser OC. This grid voltage deter~

uum tube as measured by tho mpter M. T

The net result of the actions outlined in the last
paragraph is that the regding of the plate-circuit meter
after the return of an echo is a measure of the time inter-
val between the signal and the echo. When the condenser
C is discharged the plate current has the value corre-
sponding %o zero grid, l.e., to a zero-~time intoerval. This
current is larger than that for any negdative grid bdbilas, so
a calibration of the plate meter in altitude will necessa=
rily be "backward" with respect to the current scale. The
rate at which the condenser charges for a glven voltage
across r will be slower as the size of the Tesistance p
is lIncreased, It follows that the altitude scale can be
controlled by a simple change in p.

The instrument actually constructed had three adjust-
nments corresponding to three positions of a control button,.
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The first position corresponded to a fullwscale altltude
of 250 meters., In the second position the sensitivity re-
nained unchanged but by & special circuit arrangement, the
indicating hand did not return to zero between soundlng.
The third control position increased the sensitivity to 90
neters for a fullescale reading. Soundings wero repeated
every 2 soconds on the high~gltitude scale, and every 0.7
second on the low-altitude scale.

With the circult described above, the necessary dig-
charge of the condenser before each gounding caused a
corregponding return of the indicator hand to the zero al-
titude reading. This action was especially objectionable
for high reafings. This defect was overcome by means of
an auxiliary circuit., Figure 38 shows this arrangement.

A condenger c¢ 1is connected in parallel with the chrono-
gcope condenger € of figure 37. A cam-controlled con-

tact 1g connected at Xk and orverat t0o keen the cireuit
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open except for an instant before ¢ 1is discharged for a
new sounding. The auxiliary condenser is made so small
that 1ts charging current does not appreciably affect the
operation of the chronoscope as already degcribed. In
this manner the voltage across the gmall condenser always
has the value corresponding to the last echo tims, so that
meters placed in the plate circuit of a vacuum tube L?
can be used for altitude indications. Since the change in
grid voltage of this tube between socundings is just the
change in the maximum voltage across the large condenser,
the indications will show only the small variations caused
by actual-changes in altitude.

Flight tests of the Dubois~Laboureur Sonic Altimeter
showed that the meter will operate properly from 6 meters
to 300 meters when used over water. Over land the range
was reduced by azn amount depending upon the nature of the
ground surface, but an echo was generally obtained at a
greater altitude than 100 meters for any condition. Readw
ings could be made with an uncertainty of 0.5 meter up to
20 metere, 1 moeter between 20 and 50 _meters, and 10 meters
for higher altitudes. Figure 39 is a photograph of the
indicator.

The actual sonic altimeter apparatus had a weight of
18 to 19 kilograms without the compressor, which added
4.5 kilogramg. Woeight of tubes, wiring, and fittings de=
pended upon the particular installation.

Although the apparatus of Dubois and Laboureur de-
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scribed above, is particularly interesting on account of
the electrical chronoscope, o description of the CEMA in-
strument made under their patents uses a magnetic-clubtch
chronoscopes This information is,contained in an adver-
tising pamphlet of Constructionsg Electro-Mecanlques
d'Asnieres of 236 Avenue d'Augenteuill, Asnieres (Seine),
France. Figure 40, tsken from this source, shows the re-
celver at the left, and the siren emitter at the right.
These units are apparently similar to those described in
the literature. Figure 41 is a view of the amplifier and
chronoscope circuit. -

Figure 42 shows the front of the indicating unit, No
diagram of the working parts is available but the opsera~
tion is described as follows: L _

"The chronoscope is & small motor running at a
rigorously constant speed which after reduction
turns & shaft at the rate of one revolution in l.4
gseconds. Thlg ghaft carries an electromagnet which
pulls down an armature when it is excited. This
arnature presses upon a heart~shaped cam which nmust
thon take a definite position with respect to the
arnature. On each revolution of the slow-turning
shaft a contact is closed which causes the emission
of the signal (this contact acts when the electro-
magnet passes by the zero point of the scale). When
the echo is received the electromagnet and the arma=
ture have moved through a certain angle with respect
to the moment of the emission. The excitation of the
electromagnet by the echo pulls down the armaturs
which strikes the cam. The cam then takes a definite
vosition with respect to the armature.

"A hand rigidly connected to the cam indicates
the angle moved through by the megnet between the
enission of the signal and the echo, l.e., the height
of the airplane with respect to the ground."

FiguTe 43 shows 2 typical installation of the Dubois-
Laboureur sonic altimeter in a large alrplane. C

The welght of the CEMA apparatus is given as 12,3 kil-
ograms, exclusive of the air supply. . This air supply must
be capable of furnishing 20 liters per minute of free ailr
at a pressure of about 10 atmospheres.
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Nendillon Sonic Altimeter

(References 11, 18)

e Ae Nandillon developed a sonic altimeter using
electromagnetic units for both emission and reception with
an oscillograph as the indicator, and applied for & French
patent on the driving eolements of the apparatus in 1928,
Léglise (reference 18) notes that the investigation was,
carried out in secret and therefore the avallable infore
mation reveals only the general nature of the equipments.

Flguro 44 shows one type of emitter used by Nandlllon.
A double diaphragm is formed of two disks 5 soparated by
a round central spacing and strengthening plate 11
through which the clamping screws 9 pass. Thisg diaphragm,
is mountod on a backing chamber 3 Dy moans of an annular
clamp ring and scrows. The chamber has cast reinforecing
ribs for stiffness. Both the diaphragm and chamber are of
light metal,

A vibromotor V, clamped to the center of the dia-
phragm by the screws 9, has two masses 7 and 10,
which are connected together by elastic elements 6 so
that the masses can move in a direction perpendicular to
the disphragm. The mass 10 1is reinforced with fins =n
to prevent elastic deformations dbut is supported entirely
from the diaphragm. Both masses carry laminated pole elow-
ments which serve as the magnetic circuit. Tho magnetic
excltation 1s produced by windings placed on the pole
pleces carried by mass 7. When the windings carry only
an alternating current of frequency f, the corresponding
magnetic flux produces an alternating force tending to
pull the nasses together twice each cycle of the current.
When sufficiently large direct current is superimposed on
the alternating current the magnetic flux is never ro-
duced to zero and the frequency becomos f ingtead of 2f,

Nandillon apparently relies on the inertia effect of
the mass 10 to set the digphragm into motion. JFrom the
description glven it appears that the motion of mass 10
would be considerably greater than the more heavily loaded
mass 7 ©below the lowest natural frequency of the system.
The arrangenment ig a slightly danped vibrating syston with
2% of frecdon and will theroforc display the complicated
behavior characteristic of such a systen if the forcing
frequonecy is varied. No informatlion is given as to the re~
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lation between the oporating frequency (3,500 cyecles per
second) and the natural frequencies of the various parbs.
The diagrans at the upper right of figure 44 are cited as
showlng the possibility of gaining directionality in the
enitted signal by using a frequency whiclh gives one nodal
circle NN in the diaphragm. It is noted that the correw
sponding wave length is about half the diameter of the di-
aphragn for this case. This results in a small-size dio~
phragn for the emitter. However, in practice, the power
available from a single unit is rather small for sonic
altimeter purposes.

The diasgram at the lower right of figure 44 shows the
method of mounting the emitter in the surface of the wing.
13 by means of a rubber ring 12. This arrangement elimw
inates the effect of parasite vibrations on the apparatuse

For his receilving element, Nandillon used a unit sine
ilar to the emitter but somewhat smaller. No mention is
made of the frequency chosen or the provisions made for
tuning the roceiver to the signal frequency. Figure 45
sharrs o general circuit diagram of the Nandillon altimeter,
The emitter already described is & transformor cdupled to
a vacuum-~tube oscillator which 1s excited when a contact
26 1s closed in ‘tho control timer and chronoscope. The
signal is received and acts on the magnetic oscillograph
element M.0. after passing through a vaculim~-tube ampli-
fier.

Details of the indicating chronoscope are shown in
the diggram of figure 46. A constant-speed motor drives
the shaft A through a gearshift 14 which makes it pos-
sible to vary the interval between soundings as the alti-
tude chonges. The gearshift is controlled by o shaft %
which passes inside 4 and carries an index 1 <for chang-
ing ond indicoting the setting of the interval. '
The shaft A4 carries s rotating assembly S vwhich
supports the electromagnetic oscillograph M.0. and the )
illuminating system. 4 counterweight ¢ 1is placed on the
opposite side of S. As this assenbly turns the motion is
indicated by the rotation of the index I which is solidly
connected to A. I ig supported in the housing 19 which
has a circular translucent scale 21, ) -

The illuminating system is carried by the tube 17
and consistg of a lens 16 which focuses the light of a
small lonp 15 on a small hole 18 which acts as a brilw
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liant point source., The moving element 22 of the mag-
netic oscillograph carries a shutbter 20, which ig nor=
mally interposed between the source and the translucent
circle. .

A proJection 25 solidly connected t0o S sets off
the sound signal when it momentarily closes the contact
26 on each one of its passages. 25 and 18 are located
on the opposite ends of a diameter so that the light source
is opposite the scale zero when the signal occurs.

An insulating drum 24 fitted with slip rings makes
contact with the statlonary brushes 23 and supplies the
necessary electrical connections to the moving system.

When an echo reaches the recelver a pulse of current
from the amplifier excites the oscillograph and moves the
shuttor 20. When the shutter is displaced a spot of
light oppears on the translucent scale opposite the altl-
tude roading., It is noted that the length of the sound
pulsc decreascs as the gpesd of the moving gysterm is in-
crensed so that o propoer compensation is autonatically
nade to koop the same procigion at all altitudes.

No tosts of the Nandillon Sonic Altimetor are described
and no wolght information 1s given.

Jacquet~Badin Sonic Altineter

(Roforencos 4, 11, 18, 25) ’

Jdcquot and Badin haveo doveloped a sonic altinmoter
ocspocially adapted for landing purposes. The emitter of
their instrument sends out & train ofsound waves which 1s
auvtomatically stopped when the first part of the echo
reaches the receivor, romains silent as long as tho re-
ceiver ig excited, and begins a new signal when the last
of the roturning wave train is past. This action results
in 100-percent modulation of a continuous wave at a fre«
quoncy of modulation which depends upon the altitudes A
meter designed to measure this modulation frequenecy acts
as the lndicating unit. S

Figure 47 is a photograph of tho Jacqueb=Badin Sonic
Altimetors The left-hand unit contains the electromag-
netic emitter and the olectromagnetic-microphone rocelvor;
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the frequoncy neter indicator is in the middle; tho oscile
lator and amplifior unit is at the right. The ountfit is
ontirely elecctrical and can be operated from the usual
airplane battory power supply.

A cross soctlon of theo onmitter and roceivor unit is
shoyn 1n figure 48. M 1g a powerful electromagnetic
driving unit vwhich feeds into an exponential horn made of
acoustic insulating nmaterial, The electromagnetic micro-
phone m i1s connected to an exponentlsl horn lined with
sound~absorbing material which acts as an acoustic filter.
The entire assendly is carried by a supporting member S,
The recelving horn can be moved parallsl to its axis in
order to find the best position for reducing direct trans-
fer of the signal to the receivsr,.

The frequoncy neter circuit proposed by Jacquet and
Badln is shown in figure 49. The relay R 1is connected .
to the omitter in such & nanner that the contacts C?' are
closed during each period of silence., When C!' 1s closed,
current fron the battery p flows in tho resistance =
and chargeg the condenser Y through the full wave coppor=—
oxide roctifier S and a large condenser ['s I' is al-
ways charged in tho sane direction on account of the reetl~
fier actions 4 high resistance volitmeter V placed across
I' mnoasures the average potential. It is stated that the
roading will be a function of frequency. EHowover, the ar-
rangenent is similer to the ordinary rectifior type of A.C.
voltueter, which is characterized by e response independ-—
ent of frequoncy over a wide range, so 1% is questionable
vhothor the circult given will fulfill its supposcd funce
tion without modifications.

The Jacquot-Badin Altineter has a, welght of 9 kilo-
grans, and is graduated up to 20 nmetors altitude. No data
on actuel flight tests have been given.

Delsasso Sonic Altimeter

(Roeferences 4, 10, 26)

Delsasso of the University of Callfornia and the
California Institute of Technology reported in 1934 the
results of a sonic-altinecter investigation. He produced
an experinontasl instrument which was tested both on the «
ground and in flights with the Goodyear alrship "Volunteer (
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This instrument uses a mechanically excited diaphragm with
a special coupling horn as the source of sound. The re-
celver 1s a dlaphragnm tuned to the enitter frequency which
causes a flash in a rotating neon discharge tube when set
in notion by the echo.

Figure 50 1s a diagranm of the sound emitter. The di~
aphragn 1s machined from a solid steel ring to have a natbtw
ural frequency of 2,000 cycles per second. The signal is
produced by a blow from the clapper € which occurs when
current through ths elsctromagnet E is broken. ZEnergy
1g efficlently transferred %o the alr through the coupling
elenents shown. (Delsasso notes that the design is sini-
lar to that used in the Bostwick loudspeaker.) Bach sig-
nal has a duration of about 0.02 of a second.

Details of the receiver are shown in figure 51, 4
duralunin diaphragm D, 0,001 inch thick and tuned to
2,000 cycles per second, carries a snall platinum contact
button at its mid-point, A second contact 1s pressed
against the first by the light platinum spring S. This
spring is tuned to a natural frequency of about 95 cycles
ber second. A tuboc R contains a hygroscopic materilal
which serves to keep the closed chamber above the diaphragn
dry. The nut M 1is used to make the proper adjustment of
the spring contact. The spring will follow the diaphragm
for all low frequency sounds, but even a weak sound with
the natural frequency of the disphragm will produce such
high accelerations that the contact is broken once each
cyecle of the motion, This arrangenment gives a very effecw
tive filtering action for parasite noises.

The Delsasso chronoscope uses a neon discharge tube
as the indicating element. The essential parts of the
chronoscope are indicated in figure 52. The neon tube P
is carried by a disk which is rotated at constant spesd
by an electric motor. A circular scale D Just outsilde
the path of the neon tube is graduated directly in altitude.
A cam and contact arrangement © is adjusted to release
the striker of the sending diaphragn at the instant the
neon tube passes the zero scale gradustion, When the echo
returng the diaphragm T is set in motion and contact is
broken with N. Thig action removes a short circuilt fronm
the circult containing the battery E and the resisgtance
B and allows the voltage E to overcome the grid bdias
battery, ©Eg. The grid of the vacuum tube ig made suffi-
clently positive to cause a discharge in the neon lampe.
Altitudo is estinmated by observing the scale position of
the lamp when it firsgt starts to glow.
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Delsasso's experimental installation is shown in fige
ure 53. The receiver is mounted at the front of the gon=
dola and the sending unit at the rear. In operatlion the
contact spring of the receiver was adjusted until the neon
lemp just failed to flicker under the airship!s noise alone.

During a series of flight tests, it was found possi-
ble to measure altitudes between 4 Ffoet and 350 fest. A4
stronger source of sound gave rosults up to 700 feet. No
data on the weight of the apparatus were given. This is
unimportant since the equipment was designed to investi-
gate the sonic altimeter problem rather than to produce
e service insgbtrument. o

Echoscops

(References 27, %%)

Electroacustic G.m,b.H. of Kiel, manufactures a sonic
altimeter known as the ECHOSGOPE. This instrument was
successfully used on the German airship "Hindenburg! and
wlll be installed on the new airship LZ 130,

The ECHOSCOPE uses a compressed-air siren as the
source of sound and an electromagnetic microphone as the
'sengitive element of the receiver. The indications are
shown as deflections of a mechanical pointer on a dial of
conventional aircraft-instrument size. A great improvement
in operation over the explosion~type emitter is achieved
by selecting a siren frequency well removed from the para-
sitic noises of the airplanes. With all the sound enersy
in o single frequency, it is comparatively esasy to make o
microphone and filter systom sensitive to the echo but
which will suppress extraneous sounds. The advantages of
an almost continuously reading mechanical indicator are
obvious, - . : :

Figure 54 shows the essential parts of the ECEOSCOPE.
The indicator 1 4is connected through the central switch
3 %o a l2=vol$ direct-current supply at 2. The siren %
is supplied with air from the high-pressure tank 7. 4
reducing valve 6 holds the siren supply between 4 and
8 atmospheres, When the agpparatus is not in use the valve
8 1s closed to prevent leakage., The tuned electromagnet-
ic microphonse rocelver 9 1is connected to the indicator
through the amplifier 11, Figures 55 and 56 show the ex-
ternal appearance of the emitter and receoiver, respectlively.
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Figure 57 is a diagram showing the oessontial parts
of the ECHOSCOPE indicating system. A4 constant-speed
electric motor 13 drives the shaft 3 through gears 11
and l2. This shaft carries an electromagnet 2  whilch ig
cperated by current from the slip rings 8 and 9. A
second electromagnet 1 ig similar o 2 except that it
does not rotates The circular disk armature 4 1s con-
nected rigidly to the pointer 5 which moves over the alw
titude scale wvhen 4 .rotates; the pointer and disk as-
genbly is free to move axially between the two circular
electromagnets. When the disk is held by excitation of the
electromagnet 1 +the pointer will be stationary. If the
supply to 1 18 broken while 2 1ig excited, the disgk
will jump over to the rotating sysbtem and the poilnter will
move over the scale. The various parts are so designed
that no appreciable slipping ovecurs when the disk is in
contact with either magnet. There is also an arrangement
whlch roturns the pointer to zero after a sounding,

A sounding is started when the constant-speed siren
motor opensg a valve and admits air to produce a pulse of
sound, At the same instant the starting contacts 6 and
7 are opened so that the electromagnet 1 releases the
disk 4 which is instantly pullod over to the other mag-
net and starts to rotate. This results in a uniform mo=-
tion of the pointer over the graduated altitude scale un-
til the receliver picks up the echo and foeds a correspond-
ing alternating~current pulse into the amplifier. In the
amplifier thig pulse is rectified and magnified until it
1s able %to operato a relay which momentarily breaks the
contacts 7 and 8. This action interrupts the current
supply to the rotating magnet 2 and permits the disk 4
to movec back to the stationary magnet 1, thus stopping
the polinter at a scale reading corresponding to the proper
altitude.

The pointer holds thig position until just before anw
other gounding, when it is asutomatically returned to zoro.

As shown in figure 58, two scales are provided for
the instrument: one for altitudes up to 100 meters, and a
second, for al titudes up to 500 meters. The necessary
shift in the gear ratio within the instrument is made by
changing the position of the control knob. When the low=-
range scale is in use, soundings are made automatically at
ls5-second intervals while for the higher range this in-
terval is increased to 7.5 seconds.
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The total weilght of the ECHOSCOPE is 14.8 kilograms
with an additional 13 kilograms for a compressed—alr bot-
tles This air supply is capable of making 200 to 250
soundings on the low-range scale and about one-half of
this number on the high-range scale.

The manufacturers of the ECHOSCOPE report that the
instrument will give reliable results up to 1,000 feet al-
titude under favorable conditionsg and will continue to
indicate until the landing gear is just above the ground.
Above forests the maximum useful altitude is reduced %o
about 500 feet. At greater altitudes useful information
can still be obtained from the instrument by the use of a
pair of earphones connected to the amplifier and worn by
an observer who notes the position of the pointer when the
echo reachos the receiver. When the indicator is used
altitude readings are uncertain by about 1 foote.

APPENDIX B

EQUATIONS OF SOUND PROPAGATION

Sound theory dsals with the propagation of pressure
waves through an elastic medium. The simplest and most
useful form deals with plane waves, i.e., disturbaences
which vary only with time and distance along o single di-
rection, which will be denoted as the x-~axis. Three con-
ditions must be fulfilled at each instant by the particles
in & slice dx thick, which has its squilibrium at some
position x along the axis (refercnce 32),

(1) fThe force due to the instantaneous pressure dif-
‘fTerence between the faces of a unit area of

the slice will be balanced by the inertia re~

action of material in the slice.

(2) The equation of continuity must be fulfilled,
i1¢e0e, the material within the slice under
equilibrium conditioneg will remain within the
slice during any change whfch may OCCUTa

8 5 g i 7

(3) The relation between pressure and density will
obey the equation for an adiabatic change in
a perfoct gas. This is based uwpon the exper-
imental fact that fluetuations in a sound wave
aro so rapid that heat transfer betwsen ad-’
Jacent layers can be neglected.

L —

gy -
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Equating the pressure differential force across the
unit area of the slice which is dx +thick at equilidriunm,
givesg: . o

a .
o ¢ QP

— . ., 22 28

P 33 ox (28)
The equation of continuilty is
. 3 g

Z5) - 29

e (1+32)=», (29)

The adiabatic relation between pressure and density is
Y
. (.9_> (30)
P P
) )

where P ls instantaneous density »
Py density at equilibrium,
P, instantansous pressure
presgure at equilibrium =«
¢, displacement from equilibrium
x, digtance along the normal to the plans wave

v = 8pecific heat at congtant pressure
speclfic heat at congtant volunme

Differentiating the equation of continuity with ro-
spect to x ‘and substituting 90 QB oy %ﬁ gives

3P ox
> 2 3P F :
L2 @)L (31)
8t Po op/ ox
Substituting the value of gg obtained by differontiating

the adiabatlic relation gives

a2 2 2
a_t . Y2 /ey 3.t
at®  p <po> ox? (22
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Now 1f the changes in pressure and density are small
. . =R

compared to these gquantities themselves (gL\ can be
\ol

taken as unity while equilibrium values can be used in

P/p so that

a 2
3£ .22t ] (33)
ot ox
Y
where ef = Po = congtant

Equation (33) 1s the ‘wolleknown wave sgustion which
expresses the conditlon that » disturbance is propagated
without chango of form at the constant velocity ¢ (ref-
erence 32)., VWhen the assumption of fluctuations with a
negligibly small effect on tho coéefficient of 32 is not
fulfilled, the velocity varies with the intensity of the
disturbance. Practically, this means that for disturb-
ances which are too intense the form changes as the wave
is propagateds Such a wave starting with a2 simple sinus-
oidal form will be altered by the appearance of higher
harmonics as 1t moves through the medium,

In sound work it is customary to work with the instan-
taneous difference between the actual pressure P and the
equllibrium pressure Pye This difference 1s called the
&xcegs pressure or the sound pressure and is denoted by
Pi’ For o sinusoidal wavs form the wave equation gives
Tor instantaneous displacoments and excess pressures (ref-
erence 32):

- z;__t.)
¢ = ¢, sin 2m (A w) (34)
= - cwcos om (2% (35)
Py gm Po w A T .
where £, is amplitude of particle displacement‘

Ay wave length

T, period . -
LS
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n, frequency g
w, 2mn

The particle acceleration at any point can be found
by differentiating equation (34) twice with rospect %o
time to obtailn -
2
9 ¢

2 ., X t
i £, w° sin 2w (X - E) (36)

RELATION BETVEEN INTENSITY AND EXCESS PRESSURE

By definition the intensity of sound in s planse wave
is egual ta the average rate at which energy is transw
ferrod across a unit area of the wave front. This is equal
to the sound-pressure force acting on the unit area multi-
plied by the particle velocity and averaged over a complete
cycle, l.ee:

T

_ ‘ '
- 1 = X a 9¢ 8E g% 37
. T/ Py (at) av / % ¢ 3% 3% .° (37)

[¢]
which gives

5 , -
I:%E&:_B_ (38)
P, C PoC )
whero Dy is the amplitude of-sound pressure 4
m
P, root mean square value of sound pressurse

Sound pressure is customarily measured in dynes per
square centimeter. For convenience, a unit called the bar
is defined as 1.4dyne per square centimeter. Intensity is
denoted by the symbol I and measured in watts per square
centimeter. The product p,c is usuvally calculated for -

P = 760 millimeters of mercury and a temnerature of 20° C.,
wvhich gilves a numerical value of 42 In c.g.s. units. For
thisg casc the relation betwsen intensity and root moan
square sound pressure 1lg
p8
I = ———— watts por square centimeter (39)
42 x 10
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It is conveniont to compare intensities in terms of
the logarithmic units called decibels and denoted as db.
By dofinition, the difference betwoen two intensities I,
and I, 1is:

Iy

Difference in db = 10 log,, - - (40)
2 .

In goneral, the intonsity of sound at a distance from
o gound. source of W watts will depend upon the area over
wvhich tho sound energy is distributed and the amount of
abgsorption in the sound path. In sonic altimeter work, the
only important casc is that in which the sound energy is
confined to & more or less definite solid angle. If this
solid angle s Q the area for any distance R at which
tho source can be considered as a point becomes .

-

Ares = 0 R® (41)
For a cone of half angle A the area at R TDecomes
Area = 2m R2 (1 = cos A) (42)

It fellows that the intensity at R from s source of W
watts Into a cone is

I = L E— o (43)
20 R- (1 = cog A)

In terns of W and R the sound pressure becomes

e’
fi

e W 107
/ Po (44)
27 R- (1 - cos A)

P 1ls in hars s

where

W is in wattsy

R is in centimeters‘

If specular reflection at the ground is sssumed, the rela-
tion between the echo path Ry, and the actual altitude

hg, when the cone angle is inclined at an angle § away
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from the vertical, is (see fig. 15):

2h, (45)
R, = —<—
© cos &
so that
p. c W 10" cos® &
» = ey (46)
8m hg (1 - cosfB)

It ha is exprosgced in foet 'and poc is taken as 42,
equation (46) becomos

p = 134 2088 ~// v (47)
hg, l - cos A

APPENDIX C

REFLECTION AT THE GROUND SURFACE

Two limiting cases of refloction at the ground can
exlste In specular reoflcction the sound isg reflected with,
the angle of reflection ogual to tho anglc of incldenco
and the cneorgy always confined within the samc cone angloc,

gumed to hold for sound as in the caso of optics, ls.ee:

Ip = Ig  cos P (48)

in wvhich it is assumed that the sound, incident normally
on the reflecting surfaceo, 1s reflocted back with intonei-
ty Iz, at distance R, from tho ground along tho nor-
mal, and with intensity IR at the same distance along a

path making an angle B with the normal.

If the incident sound has intensity Iy where the
cone of radiation cuts out an area A on the ground, tho
total incident power is Ip 4, and the total reflected
power is XIp A, vhere K is the rofloction coefficlent
of the ground surface. The total reflectod powor must
also be equal to the intcgral of the right-hand member of
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equation (48) over a homisphore. That is,

w/2
Kip A = J/“ (IRO cozg B) 2mr R sin B R 4B (49)
J, . |
= mR I

= 7 ﬁﬁ%
s . , .
or IRO = KIpA/(w R) .‘583
and Ip = §5§£ cos B - (51)

I? the oircreft is a distance D above the ground,
and 1f A 1is the half angle of the radiation cone, wo

a . f
have A =7 (D tan A) . If, moreover, the veclocity of the
plane 1s small compared with the velocity of sound in air,
the portion of the sound reflected back to the plane cor=-
responds to a very small value of B, =and 1t isg a good
approximation to put cos B = 1. Then, with the above

value of A, wequation (51) yields for the intensity a%
the plane, considering that at tho plane R = D,

IR = K IB tan® A (52)

For spccular roflection from a surface with reflec-
tion coefficient KXK', +the intensity at the planc is

2
D 1. .

1 - t - = t 53

IR = K (2 ID = X ID ( _)

Hence the ratio of intensitios at tho plane for the
two cxtrome cases is:

- s

5 S (54)
IR 4X tan A A .
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APPENDIX D

RADIATION OF SOUND FROM A VIBRATING DISK

A vibrating disk soet in an infinite plano baffle will
radiato sound with directionality dopending on the dimenw—
gions of the disgk and the frequency of its vidbrations. If
the frequoney =n corresponds to a wave length A of sound
in 2ir, and if & is the radius of the disk, the digtri-
bution of intensity in front of the baffle will be as plotw-
ted in figures 17 and 18 for several values of A/a.

The mathomatical basils for the curves of figuros 17
and 18 will Dbo bdbriefly stated (reference 32), OConsider
the surface S of tho disk to be composed of cloments dSa
Lot the distance from an arbitrary point N in front of
the baffle to an arblitrary surface ocloment 4S5 be called
he Lot r bo the distance from N to the center of the
disk, and let 8 TDbe tho anglo between the line or r and
the normel %o the contor of the disk.

Then tho eleomont dpy of sound prossure at point N
due to the sinmpleo source 4S5 is

ds
dpy = 1 Po 2 Cm ) e (55)

where 1w, 1is the velocity amplitude of the vidration.

If N is far from the disk, so that h 1s nearly
equal to r, it is a close approximation to pul

h. %

Po B Un [*
= = —_—— as 56
Dy J/ndpi i = L/ 8 (58)

Integration gives

1
(57)

21116‘\'--% 27, 2% ging
2 ©
py =T 1 npsuy & T

Since at large distances the particle velocity 1is



N.A.C,A. Technical Note No. 611 81

%Ez "the intensity digtribution in terms of the angle 6
o) . _
takes the form:
-
1 o /emay |20 (32 sin o)
I= B Py © Um < A > ome (58)
=5 gin. 6

It is from this equatlon that the curves of figures 17 and
18 are drown.

The function [2J; (x)/x] has the property of being
unity for x = 0 and remaining nearly unity until =x = % m.
Therefore, as long s A > 2ma, the intensity distribu~
tion is nearly independent of 6. As the wavo length bo-
comos smaller than the circumfcrence of the disk, ths oner~
gy is concontrated more and more along the axis, as chown
in figure 18, For such values of A, the curves actually
have small subsidiary lobes, but these have not beon in-
cluded in the figures, since thoy arc not important in the
sonic oltimeter problen, _ o . -- =

If W is the total powor radiatced from the disk, the
oxpression for W (referonce 54) is: '

(poc) (ma®) (2w n Xo)a Jy (é%é>
= 2 gt 2ma (59)
AT

where X, is the r.m.s. value of the displacement of the
disk. '

A
For low frequoncies such that o > 12, equation (59)

approaches the form _ s L

2
4 2 a
a 4 2" X
¥ =Ll ic" 2 %o) - (60)

A
For high frequencies such that % < 3, the bracketed

expression in equation (59) anproaches unity, so that W

is closely represented by e ———

2
cma? (enn X, )

2

¥ = Do (61)
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If W is in watts and all other quantitlies in c.g.s.
uniteg, equations (60) and (B81l) become

4 4

-ll 2
(4.64 x 10 ) a n X4

w watts (62)

and

2

W= (2.62 x 10~%) a° n® x,° watts (63)

The latter esquation corresponds, at a frequency of
4,000 cycles per gecond, to a maximum displacement

Xnax ='QLQ§9§ centimeters per radiated watt (64)

APPENDIX E

VARIATION OF INTENSITY WITH PULSE LENGTEH

The theoretical concept of purely monochromatic radl-
ation (radiation of a single wave length) cannot be realw-
ized in practice because it reopresents an infinitely long
wave train. The starting and stopping of the vibration
involves a spread of freqliency inversely proportional to
the length of the pulse (reference 32).

In genersl, if tho sound pressure is an arbitrary
function of the time, the Fourler integral representation

is . .
a

py (t) ="/ p(n) 2% 4n (65)

iaden

The component.of the wave having frequency n has the pres-

sure amwlitude equal_to_;po(n) = p(n) = p(~n).

Anplying these relations to the "pulse function':

t

rO fTor t< = Eg

|

! t

— 0 _9
pi(t) =q P, cO8 (27 ng &) for - 5 <5< 5 (66)
t
0 for t > =2
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one obtains this distribution in frequency:

sin [ (ng -~ n) %,]

(67)

po(n) = epm

If the pulse contains m cycles of.the wave .0of fre-—
quoney n,, we may put t,= m/n, . With the further no-

tation, v = n/n;, the intensity distribution becomes:

2p % - 3
Py C Bo . 1l =-v
P2

Or, calling I, = , the intensity of the steady

state, we have:

(69)

I, ng- L 1 -

) 2
I(a) _ 4 {sin mo (1 = v)]
This ratio is plotted as a funetion of v in figure
19, in which only the large central lobes of the curves
are displayed.
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CONCLUSIONS

CONCLUSIONS BASED ON THE LITERATURE

1) A number of sonic altimeters have been construct-
ed whlch operated satisfactorily up to a maximum altitude
of approximately 800 feet under airplane cruising condi-
tions.

2) TFor gliding flight in airplanes, the maximum oper-
ating altitude will be approximately double that for cruis-
ing conditions. In lighter-than-air craft the maximum will
be about three times the limit for airplanes.

3) With a properly designed instrument, altitude read-
ings can be carried down to approximately 10 feet above the
ground.

4) Pive distinct sonic altimeter developments have
prodiced comnerciasl insbtrunmontse. 4 list is given on pages
88-89, with information on prices &and manufacturers.

5) The best of those commercial instruments will have
an installation weight of about 60 pounds., The maxinum use-
ful altitude will be approximately 15 fcot por pound of
welghte.

6) The rosulte actually obtained justify an investigas
tion into the valuo of tho sonic altimeter as an alrecraft
ingtrunent in nodern practics.

7) One of tho prosent-day commerciasl sonic altinmeters
would be sultable for the experimental worke.

8) In case of a declsion favorable to the sonic altim-
etor, a continuation project could be directed toward Im-
proving the instrument on the basis of findings from the
previous tests,.

THEORETICAL CONCLUSIONS

1) The lowest operating altitude of a .sonic altimeter
1s determined by the length of the sound signal and the
abllity of the chronoscope to measure short-time intervalse.
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2) The maxinum operating altitude of a sonic altip-
eter is determined by the ability of the receiving system
to distingulsh the echo from noises due to the aircraft. .

3) Except at very low altitudes, orrors due %o tin—
ing and to separation of the sending and receiving sys-

tensg are negligible. e

4) Errors due to hunidity and temperature effects on
sound velocity are negligible except in extreme conditions.

5) Errots .due to aircraft velocity can bs neglected
except at very high speeds.

6) Errors due to inclination of the flight path with
respect to the ground can be neglected except in extreme
cases, . :

7) Inclinstion of the flight path with respect to the
ground produces a difference between the received fre=
quency and the emitted frequency due to the Doppler Effect.

8) Excessive sound intensities produced by the emit-
ter will be subject to abnormal attenuation due to nonlin-
earlty of air as an elastic mediun.

9) A sonic altimeter signal decreases in intensity
inversely as the square of echo-path length due to spread—
ing of the energy.

10) Attenuation due to friction in the atmosphere in-
creases rapidly with frequency. For a frequency of 3,000
cycles per second the attenuation is about % db per hun-
dred feet of path length. -

11) Atmospheric disturbances are accompanled by er-
ratic attenuation effects of large magnitude. Quantita-~
tive data arc lacking on losses of this type.

12) ILosses due to diffuse reflection and absorption
at the ground vary from zero for smooth ice to about 85
prercent for forests,

13) Sources of sound which use diaphragms as the ole-
nent for converting electrical or mechanical energy into
sound epergy are suitable for low-power emitters dbut are
handicapped by the excessive accelerations required for
high outputs.
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14) The directional properties of a diaphragm tran s
mitter can be predicted approximately by theory dut the
results actually obtaincd in a given case must be deter-
mined by experiment. Efficlent use of sound power in a
sonic altimeter requires that the source be designed to
direct the beam toward the recelver pos1tion when the echo
is received.

15) For short pulses of ‘sound at a constant frequen-
cy, the amount of energy effective at the receiver in the
original pulse frequency depends upon the number of cy-
cleg in the pulses 4 nminimum number of cycles "between 15
and 30 is required to produce a good concentration of the
echo energy at the frequency of the emitter.

16) All types of standard microphones are much mors
sensitive than necessary to detect the sonic altimeter
echo if aireraft nolse were absent. A rugged microphone
adapted to work with a filter system is Dbest suited to the
gonic altimeter problem,

17) Since the limiting factor in sonlc altimeter per-
formgnce is the signal intensity required to bring the
echo above the noise level due to the airplane, the uses of
a wellwdesigned filter system to eliminate alrcraft inter-
ference is necessary.

18) The table below gives the estimated maximum alti-
tudes obtainable in an ailrplans at crulsing speed under
the best and worst atmospheric and ground conditions. The
calculations aro based on assumptions consistent with ex-
perimental values of sound pressure reguired at the alr-
plane and the known data on absorptlon losses.

Maxinmun altitude \Power Maxinum altitude { Best altitude
(best conditions). (worst conditiong)  Worst altitude
feot izgiigi fedt :
; . i
500 10 | 175 : 2,9
650 . 25 225 2.9
780 50 265 2.9
935 - 100 300 3.l
1025 150 330 ' 3,1

1300 500 410 3.2
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19) The table- shows that there is a factor of about 3
to 1 between the maximum alititude obtainable under best
and worst operating conditions..

20) Comparison of values from the table with altitudes
found experimentally shows that the instruments which have
been constructed achieve 2lmost the theoretical maximum
performance.,

21) The gain in maximum operating altitude for a given
increase in power falls off rapidly for outputs over 100
watts. This fact suggests the existence of an econonmic
1imit to the range of a practical sonic altimeter.

22) The performance of sonle altimeters can be im-
proved by reducing the interference effect of airecraft
noisce

RECOMMENDATIONS

Two points should be investigated in connection with
the sonic altimeter problem.

I) Will o sonic altimeter installed in o modern aire
plane be sufflciently useful to Justify its
welght and complication?

II) Is it posaible to improve sonic altimeter perfornw
ance on nodern girplanes by the use of more se=
lective receiving systems? .

It is recommended that the first question be investi-
gated by the procedure outlined on page 22 of this rePOrt
The pr;ncipal features of the suggested project are?

1) Purchase of a commercial sonic altimeter.

2) Quantitative investigation of the performance of
this ingtrument..

3) During theso tests two types of data should be
accunulated.

&) Reactions of a pilot "under the hood' to
the unusefulness of a sonic altimeter in
vaerioug flight,K situations.
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b) Quantitative records (preferably oscillow-
graphic) of variations in echo intensity
with atmospheric conditions, terrein, and
altitude,

4) A report giving results from the preceding inves-
tlgation and contalning recommendationsg to cone-
tinue or abandon sonic altimeter work,

The second general question should be investigated by
studies of the noise spectrum on representative modern air-
plenes. In this work it would be desirable to use ingtal-
lations at various locations on the alrplane which simu-
late actuanl sonic altimeter conditions.

As an additional project of great value to gonic altim-
etor design, it is rocommonded that a systematic investiliga-
tion of sound attenuation due to disturbances in the fres
atmosphere bo carried out. This work should be coordinated
with meteorologlical data. It would be desirable to outline
the project and carry out the work with the cooperation of
somec organigation interested in meteorology.

COMMERCIALLY AVAILABLE SONIC ALTIMETERS

BEEMIOT ~ Manufacturer: Behm-Echolot~Fabrik, Hardenberg-
strasse 31, Kiel, Germany. Price: RM 4,500 for
type I XI, at Kiel, exclusive of duty. Reference:
Letter from Behm-Echolot-Fabrik and advertiging re-
print from Zeitschrift Deutsche Technik, August
1935 - Behmlot zur Hohenmessung im Flugzeuge

RICE~-GENERAL ELECTRIC- Manufacturer: General Electric Cos,
1 River Rd., Schenectady, New York. No price gilven.
Service installations to date have beon on airships
only; test installations on Army airplanes. Refor—
encet Letter from G, E. and advertiging pamphlet -
Sonic Altimoter for Aircraft,.

FLORISSON-SCAM -~ Manufacturer: Sociétd de Condensation et
d'Applications Mécaniques, 42 Rue de Clichy, Paris,
France. Price: 15,400-22,000 francs. Delivery:

4 monthg., Reference: Letter from SCAM and adverw
tlging extract from La Nature, February 1, 1933 -
Une Nouvelle Sonde pour Avions. .
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DUBOIS-LABOUREUR-CEMA -~ Manufacturer: Consbtructions
Electro~Mécaniques dl'Agnitres, 236 Avenuo dl'Argen-—
teuil Asnibres (Seinc), France. Price: 150 livres )
sterling. Roference: Letter from CEMA and adver—
tising pamphlet - Le Sondeur Acoustique Adrien.

ECHOSCOPE - Manufacturer: Electroacustic G.meb.H., Kiel,
Germeny. Price: BRM 5,100, delivered in Berlin.
Delivery: 6 months. Reference: Letter from Elec-
troacustic and advertising pamphlet - Echoscope.

NOTATION

(No attempt is madse to include in this 1list, symbols used
to mark geometrical figures or to describe'apparatus.)

Symbol
v veloclity of aircraft. _
Yo calibration velocity of alrcraft.
+ time (in particular, time between signal and echo).
a distance (between sender and receiver).
c velocity of sound in alr.
Co calibration velocity of gound in air.
At timing error. -
h, actual altitude of aircraft.
hy indicated altitude of =zircraft.
Y ratio of specific heat at constant pressure to
specific heat at consgtant volumes
Rg universal gas constant.
T , absolute temperature; period of vibr;tion. -;_i:
m molecular welght; as subscript, denoting maximum

values.

C Centigrade temperature.
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Fahrenheit temperature.

v/ec,

v,/¢e, -

wave length from stationary source.

vave length from moving source as observed by
stationary observer.

0/7\o = frequency of moving source asg observed by

stationary observer; frequency of steady state
component of sound pulse.

frequency of source.

frequency received on aireraft.

(nR>/(ns)'

angle between flight path and reflecting surface.
instantansous density.

instantaneous pressure.

density at equilibrium.

pressure at equilibrium,

displacement of air from equilibrium,

P - P, = instantaneous sound pressurse.
wave length.

frequency.

27 n

intensglty of radiation (energy/area/time).
r.m.s. value of Py

power.



velocity amplitude of vibrating disk.
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solid angle.

intensity of reflected sound at distance Ro
normal to ground.

intensity of reflected sound at distance R at
angle B %o ground. :

intensity of incident sound at ground.
distance from airecraft to ground. . ‘ _ _
half angle of radiation cone.

reflection coefficient for diffuse reflection.
reflection coefficient for specular reflection.

radius of vibrating disk.

rsMesge displacement of vibrating disk.

length of sound pulsse.

nunber of cycles in pulse.

intensity of steady state component of pulse.

nf/n, = ratio of frequency of partial component
to frequency of steady state component of pulse,

cycles per second. _j - T

LA . 4 - . R

,!_5 ST LT

Jassachusetts Institute of Technology,

x Cambridge, Massachusetts, July 8,

1937,
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SUMMARY OF S0NIC ALTIMETER DEVELOPMENTS

Fragquensy, Daxmtlon

- and
Name Date Referencam Sourae of Sound Power Supply Interval of Sigmals Eoho Bacelver
ahm 1924 - 1,2,5,4,5,8,7,| Pistol Elank cartridges.
13 %amon) 8,9,10,11,18 . )
! (Expsrimental: mechani- { Experimantal ; elootro Proguency: wids renge Carbon mierophons and
oally exoited Aiaphragm) | meohanical) - Daretion: — horn,
. . Interval: 3 aec. N
Nandillon 1928~ 11,18 . Armaturo-exclted Eleotrical power supply] l‘raqnmy 3500 he. m.antrmgnot:lo mioro=
. direotive diaphragm of airplane, Daration: waiiable : phone
without hornm, : {order of 0,006 meo.) -
Intervalt mannally
vorisble with elt,
Bige 1929-81 4,10,11,13,14,| Yhietle and megaphone Oompresded gae bled
(General : 15 1 ) from engine cylinder |Frequency: -B00Chas. Etethosoopa ear-pieota,
Elaatria) : {Experimental: diaphragw)| and atored jn tank at |Duration: 0,01 mes, acoustio f:l.lter, and
50-100.1be, /Bqs in. Irttorval: 3 »ec. megarhons.
-[Bxparimental: elestriol :

- ) ] 8tethomonpe ear-plecen,
¥lorisson 1991~ 4,11,18,17,18 | Yhistla and conicesl horn.| Ogmpresced alr at Fraquancy: -_— acoustie fllter, and
(8o} 6-8 atmospheres. Daration: 0.05 sea, rabolie horn,

Interwal: 1.} 860, Exparimental: elsotric
filter and amplifisr)
- Compressed alr. Reguire{ Frequency: 1500 ha. Tunedd elsotromagnetia -
Dubois 1952~ 4,11,18,19,20,| Biren anﬂ magaphone, B0 liters per mimte of| Duration: 0,015 xea. microphone, maplifiar,
ILabowenr 21,88, ,a.i | (original: locomotive. rea pirat 10 atwos- | Interval: band-pass filter, amd
(QHdA) whix 1:) Expdrimental; |-phates. g:z sea, at ﬁ' nlt. | megaphons, R
echanleal gec. at . -
dinggnﬁu, exoited o it D e ae o a memm
Jaoquet 198~ 4,11,15,85 K ectromagnetically T Eicotriosl power mupply] Frequenay: 2000 hw, Electromagnotio mioro~
Badin exoited disphragm apd of airplana.. Darmtion: continmous; | phone, amplifier, acomstic
exponential horn. eutomatic 10 moduwla-| and eleatric filtera, and
tion, exponential horm,
Inlj = duration.
Delessso 1934 4,10,28 Ilaohnn.tau,ly noited. " | Eleatrical. l‘r onuy 8000 ha. !laotrinal oont,nt on
. . .disphragn and Bostwick " Daration: 0.02 ceo. resonsant ‘dlephragm .
type ooupler. , Int v filter, and megaphona,
Bahoasopa Bafore 27,28 Biren and parabolie Oompransed ailr from Fraquenay: 1800 ha,
1936-. horz. WL resaure gtorege |Duration: 0.011 sas, ‘| boapeany . iaglstio
n s s Amplifier
tank, reduced to 4 - 8 | Interval: and exponential horn,
_ ] , #tmn, by valve. 1. g ass. at low alt,
' 7 Beg._at .1,@ Blt. |, :
Henry Bughas| 1924- LY == N - T oPemED Yl — -
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Plate I (contimied)
Atituds Indicator 'Opemtfﬁé'hnga' Y ——ﬁ—Telg;l-t T o —E;”.l —(T ) - T
o ,‘(cnmunaoope) (ti.) (1bg.) nm}éhrﬁ ! Remarke: Aoouraay, Pries, Eta.
e e e e ce - - — — .
3 N . -
Balm Etactro-mesheniosl 3300 34 9 Instnlled end usesd on poveral Airigibles, Tept~
{BEFMLOT) pBolllososope , : ol on mevearal alrplanes, Krror ehout = &5 f£t. on
landing and %12 ft, at opper limit of range in
adverse weather. Available commerclally from Hehm
Ikholot - Mubrik, Kiel, Prico EM. 4,600,
Fandlllen Incandescent 1i.gi1t and - - - Beoret investigation.
shutter rotating at conataut |
apesd along oirounlar agala,
Intermittent rendings.’ F
e —— - o e e —— e e
Rice Conatant speed ohronosaope Mrat 5-800 cruising Mrst 45 . 18 Inatalled on Américan dirigibles.’ Yested by
{General uaing method of enditory- type: B-1400 gliding type: no ocomprassor 31 « 8. Army Air Corps. Blan of outgoing
Rlectric) vigual coincidance, Iater 5-1800 orniaing Later 25 . signal with echo at altitnde of epproximately
. type: - type: N0 gompreestr 48 5 ft, ussd in landing,
- [ TRE T _.__q_.........___.._. - — - e _ e e Wb s e A s n mp—
Florl sson CGonstant speed chronosoops | 20-500 ornleing Firat 45 . 11 ‘Trained observer oan hold error withinm 10 ft. ..
( S0AM) naing mathod of muditory- E0=900 throttled type: inol., aiy comp.lE| 20 Aysrags srror Iatest model avallable oom~
. visoal oolncidence; Latsr 21 maraielly from Societa de Condsnsation et
( Experimental: Dirsot type: inol. alr ocomp,l2| 14 d'Applicatlons Meosnlgqnes, FPrioe 16,400 -
resding oscillograph) : r 29 J 22,000 Franoe francals.
o Dontimicus direct reading | 16-80 ordising 50 T T EBere . o T #%., £ 5 £t
Taboupur  |#Leetrisel chromoscope. : Tnol. air comp, 10. 18 fron 15 £5. 10 160 Fto, wnd 4 30 £i: wag 8%
(cBaA) : " | higher altitudes, Available commeroially fram
: g;gltr&u&i.ﬂn mautlsut-lg_cfn?quu 4’ Asmidres.
o Yram - BY. »
g:ﬁl'-lﬂ ﬁ:ﬁ:ﬁ;‘:ﬁﬁr?%ﬁ:ﬁl 1280 % 8. ;' | doourmey of L1 ft. at low altitnds, Damigned
'ﬂ_ nona feadings, ‘ ‘ g:r:i::}nrh for landings, Comparativaly small
Delsasso  |Neen lamp rotating at con~ | 4-360 - - Taparimantel apparatus tested on Goodyear
stant speed along aironlax blimp.
seale, Intermittent read-
Angs. v—— g m— s e
Echoac0Pe  |Direct indicating alectzp~ | 1-300 . 61 ’ 18 Uaed on Hintenkurg (LELES). %o be imstalled
mechenipal shrongsoope, 1-1000 Inpl.sir tank 22 . on LEIZ0. Error X 1 ft. Awvailable commersciaslly
Intemuittant realdings. valve & from Eleotroscustio @,m.h.H., Klsl, B 5,100,
) Delivery 6 months,
Hanry Hughasj-~ 10-800 - - " | Informatlon based on nawspaper article whiah
«n¢ Spn . describod only ground tests. Still in sxperi-

—_—————

mental stage,
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¥.A.C.A., Technical Note No. 611 Tigs. 2,3,4

&
Figure 2.~ Behmlot type IV A
Ref. S
- Figure 3.- Florisson-SCAM Figure 4.- Loudspeaker installation

visual-acoustic (Nandillon) Ref. 11
coincidence altimeter. Ref, 18
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o = Angle between the course \\ //
of the plane and the grouni. \\/

Y = %% + o cos Y = -8in o S

B = %% - a cos B = 4sin o

Pilgure 8.- Geomeitry of sound pulse travel with
inclined flight path.

Fig.8
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Source Timing valve Sound
of * generator
power (transiducer)
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Souni receiver Receiver
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Figure ll.~ Issential acoustic elements
of & sonic altimeter,
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Figure 12.- Longituilinal displacements in a plane

souni wave.
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Figure 14.- Absorption of sound in air.



(a) Specular reflection

81 w1

(b) Diffuse reflection

Figure 15.- Intensity distributions.

\

(a) Specular reflection
preiominating

(b) Diffuse reflection
predominating

Fizure 16;-_1ntensity iistributions.
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o A = Wave length of emittel radiation
15 & = Radius of disdh.-
- I = Inteneity in arbltrary units
f
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TN 15

Fipure 17.- Distribution of intensity of souni radiabtion from a :
dieg for two frequencies. '
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Plgure 19.- Intensity-frequency-pulss length chart,
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Behm
Luftlot

FPigure 20.~
Pistol
sender.,
Ref. 12

Figure 2l.= - -
Carbon
microphone

rorsivar
PN A= B A= W]

Ref. 12

Figure 22.-
Altitude
indicator.
Ref, 12

Figure 24.-
Altimeter

circult.
Ref. 4

¥ Figure 23.~

M Oscillogreph

trace

j on

oo altitu-d-e

SN indicator.
i Ref. 12

HMgure 26,.~ Altitude indicator of Behmlot
Type L XI(Natural size)



Figs. 25,27,37,38
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) 3 Figure 27.~ Diagram of sonic
\Vg\,’ ' altimeter instellation.
<Y G.E. Co. Ref. 13
Figure 25.- Altimeter circuit of
Behmlot Type IX I.
- Ref, 8

Pigure 37.~ Circuit of Laboureur-Dubois | ()
chronograph. Ref. 18

. Figure 38.~ Auxiliary circuit of
Laboureur-Dubois contin-

uous reading chronograph.
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28,29,33,34

peeey Ny E R -

Figure 34,- Installation of Florieson-SCAM sltimeter, Ref. 17

Figure 33.- Florisson-SCAM

raph.

chronog

Figure 29.- Transmitti
equipment G.E. Co.
sonic altimeter. Ref. 13

Figure 28,- Installation on airplene
G.E. Co. sonic sltineter.
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Figure 39.- CEMA altitude in- Tigure 42,- CEMA altitude in-
dicator{earlier

type) . Ref, 20

Figure 53.~Delsasao altimester insts

Figs. 29,42,53

dicator{December
1936) . Ref. A.C.

llation on blimp. Ref. 26
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Niocrophone | Figure 56.- Echosoope sirem, Figure 58.- Eohoscope
Figure 40.- Dubola-Laboureur sendsr and Ref. 28 receiver.

raceiver(Degeeber 1936)

Figure 41.- Dubois-Laboureur amplifier- Figurs 58.~ Echoscope
filter and ohronograph unlt. indicator.
' (December 1938) Ref. 4.C.
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Figs. 43,48,49,53,57
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Schematic stallation of
Dubois-Laboureur Altimeter

Fig. 43
Ref. 20
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'Echoscope,circuit

Fig. b7
Ref. 28
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~—— " Fig. 52

Sender-Receiver Ensemble V(;Z)
of Jacquet-Badin Altimeter

Fig. 49 Ref. 85

Jacquet = Badin

Frequencyfuéter Girouit

Fig. 48
Ref. 18
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Denomilnation Waelight in kilos
1 | Iindicating device 2.2
2 | connection to the battery| —
. 3 | switch 0.2
4 | siren 8.6
5 | copper tube —
6 | reduction valve 1.0
7 | compressed air bottle } 18.0
N 8 | main valve )
9 | receiver 0.8
10 | cable —
) . 11 | amplifier 2.1
total 148 13.0
-
Figure 54.~ Installation disgram
2 of Echoscope. Ref, 28

_ ), Figure 50.- Delsasso sender.



